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Abstract
In this thesis a plasma-enhanced chemical vapor deposition system has been installed to
synthesize transition metal oxide/hydroxide films as catalysts for the oxygen evolution
reaction (OER). First, the influence of various deposition parameters like the substrate
temperature, the operation mode (thermal vs. plasma) and the type of reactive gas
(oxygen vs. air) on the electrochemical activity has been investigated in detail for single
metal oxide/hydroxide films. It turned out, that especially the choice of reactive gas
has a great impact on the resulting oxidation state and surface composition. While
CoOx(OH)y films were deposited when air was used as a reactive gas, the use of oxygen
as a reactive gas lead to the deposition of CoOx. By measuring XPS from before and
after the electrochemical characterization, a correlation between the change of oxidation
state and the resulting electrochemical activity has been identified. Finally, Co-based
bimetallic catalysts, CoMOx and CoMOx(OH)y (M=Ni, Fe, Cu), were deposited and the
effect of the admixture of the second metal on the electronic structure and activity was studied.
In dieser Arbeit wurde eine Anlage zur plasma-gestu¨tzten Gasphasenabscheidung von
U¨bergangsmetalloxiden/ -hydroxiden als Katalysatoren fu¨r die Sauerstoffentwicklung konstru-
iert. Als erstes wurde der Einfluss verschiedener Abscheideparameter wie der Substrattemper-
atur, dem Betriebsmodus (thermisch vs. Plasma) und der Wahl des Reaktivgases (Sauerstoff
vs. Luft) auf die elektrochemische Aktivita¨t von reinen Metalloxid/-hydroxid Schichten
untersucht. Es stellte sich heraus, dass vor allem die Wahl des Reaktivgases einen großen
Einfluss auf die resultierende Oxidationsstufe und die Oberfla¨chenzusammensetzung hat.
Wa¨hrend mit Luft CoOx(OH)y Schichten abgeschieden wurden, fu¨hrte die Verwendung von
Sauerstoff zur Abscheidung von CoOx Schichten. Durch die XPS Untersuchung der Proben
vor und nach der elektrochemischen Charakterisierung konnte eine Korrelation zwischen der
A¨nderung des Oxidationszustandes und der resultierenden Aktivita¨t identifiziert werden.
Zum Schluss wurden Co-basierte bimetallische Katalysatoren, CoMOx and CoMOx(OH)y
(M=Ni, Fe, Cu), abgeschieden und der Effekt des Zweitmetalls auf die elektronische Struktur
und Aktivita¨t studiert.
ii
Contents
1 Introduction 1
I Theoretical background 6
2 Electrolysis of water 7
2.1 Standard half-cell potentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Cell potential and free energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Calculation of the cell potential: Nernst equation . . . . . . . . . . . . . . . . . . . 8
2.4 Deviations of the thermodynamic potential: Overpotential . . . . . . . . . . . . . . 9
2.5 Kinetic description of a charge transfer reaction . . . . . . . . . . . . . . . . . . . . 10
2.5.1 Butler-Volmer equation: Charge-transfer control . . . . . . . . . . . . . . . 10
2.5.2 Mass-transport control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.5.3 Pre-/downstream-equilibrium reaction control . . . . . . . . . . . . . . . . . 12
3 State of research: Transition metal oxides as catalyst for the OER 14
3.1 General overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2 Development of a mechanistic understanding of the OER . . . . . . . . . . . . . . 16
3.3 Electrochemical redox reactions of Co, Ni and Fe . . . . . . . . . . . . . . . . . . . 21
II Experimentals 24
4 Plasma enhanced chemical vapor deposition 25
4.1 Chemical vapor deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2 Inductively coupled plasma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.3 Plasma chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.4 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.5 List of Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
5 Photoelectron Spectroscopy (XPS) 32
5.1 Basic principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
5.2 Determination of the layer thickness . . . . . . . . . . . . . . . . . . . . . . . . . . 34
5.3 Determination of the oxidation states and their ratio in mixed valence CoOx . . . 36
5.4 Reference spectra of Co3O4 and Co(OH)2 . . . . . . . . . . . . . . . . . . . . . . . 37
5.5 Calculating the atomic concentration of hydroxide moieties . . . . . . . . . . . . . 39
5.6 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6 Electrochemical characterization 42
6.1 Electrochemical cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
6.2 Potentiostat and operation mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
iii
6.3 Determination of the electrolyte resistance . . . . . . . . . . . . . . . . . . . . . . . 44
6.4 Determination of the catalytic activity and stability . . . . . . . . . . . . . . . . . 45
6.5 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
III Results and discussion 47
7 IrO2 and RuO2 as standard catalysts: Generation of a demand profile 48
8 Preparation and characterization of the single metal oxide catalysts 52
8.1 Installation and optimization of the PECVD setup . . . . . . . . . . . . . . . . . . 52
8.1.1 First step of optimization: Change of the precursor opening valve . . . . . . 52
8.1.2 Upgrade to three precursor sources . . . . . . . . . . . . . . . . . . . . . . . 55
8.2 Thermogravimetric and XPS investigation of the precursor materials . . . . . . . . 56
8.3 Deposition of CoOx and CoOx(OH)y films . . . . . . . . . . . . . . . . . . . . . . 59
8.3.1 Decomposition of Co(Acac)3 and the resulting chemical composition . . . . 59
8.3.2 Determination of the deposition rate . . . . . . . . . . . . . . . . . . . . . . 63
8.3.3 XPS investigation of the electronic structure of films with δ > 10 nm . . . . 65
8.3.4 Structural evolution of CoOx depending on the layer thickness . . . . . . . 69
8.3.5 Structure and Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
8.4 Deposition of NiOx, NiOx(OH)y and FeOx . . . . . . . . . . . . . . . . . . . . . . 73
8.4.1 Decomposition of Ni(acac)3 and Fe(Acac)3 and the resulting composition . 73
8.4.2 Determination of the deposition rates . . . . . . . . . . . . . . . . . . . . . 74
8.4.3 XPS investigation of the electronic structure of NiOx and NiOx(OH)y . . . 75
8.4.4 XPS investigation of the electronic structure of FeOx . . . . . . . . . . . . . 78
8.5 Electrochemical characterization of pure metal oxides . . . . . . . . . . . . . . . . . 79
8.5.1 The open circuit potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
8.5.2 Electrochemical impedance spectroscopy: Determination of the IR-drop . . 79
8.5.3 Cyclic voltammetry and galvanostatic polarization: Determination of the
activity and stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
8.5.4 Linear Sweep measurements: Tafel slopes . . . . . . . . . . . . . . . . . . . 87
8.6 Overview and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
9 Change of the catalyst’s oxidation state and its correlation to the activity 91
9.1 CoOx and CoOx(OH)y: Co(III) as the active precursor oxidation state . . . . . . . 91
9.1.1 Thermally deposited th CoOx . . . . . . . . . . . . . . . . . . . . . . . . . . 92
9.1.2 Plasma deposited pl CoOx . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
9.1.3 Plasma deposited pl CoOx(OH)y . . . . . . . . . . . . . . . . . . . . . . . 98
9.1.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
9.2 NiOx and NiOx(OH)y: Ni(II)/Ni(III) as the active redox couple . . . . . . . . . . 102
9.2.1 Plasma deposited pl NiOx . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
9.2.2 Plasma deposited pl NiOx(OH)y . . . . . . . . . . . . . . . . . . . . . . . . 104
9.2.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
iv
10 Preparation and characterization of bimetallic metal oxide catalysts 109
10.1 Decomposition of the precursors: Composition and morphology . . . . . . . . . . . 109
10.2 Differences in electronic structure compared to the pure metal oxides . . . . . . . . 111
10.2.1 PECVD of pl CoNiOx and pl CoNiOx(OH)y . . . . . . . . . . . . . . . . . 111
10.2.2 PECVD of pl CoFeOx(OH)y and pl CoCuOx(OH)y . . . . . . . . . . . . . 113
10.3 Electrochemical characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
10.3.1 Open circuit potential and electrochemical impedance spectroscopy . . . . . 115
10.3.2 Cyclic voltammetry and galvanostatic polarization: Determination of the
activity and stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
10.4 Change of the oxidation state of Co and Ni in CoMOx and CoMOx(OH)y . . . . . 119
11 Conclusion and outlook 123
A Appendix 139
B Acknowledgments 142
C Curriculum Vitae 143
v
Acronyms
BE Binding energy
BMWI Bundesministerium fu¨r Wissenschaft und Energie
BMBF Bundesministerium fu¨r Bildung und Forschung
CV Cyclic voltammetry
CVD Chemical vapor deposition
DSA Dimensionally stable anodes
DTA Differential thermal analysis
EC Electrochemical characterization
EIS Electrochemical impedance spectroscopy
FWHM Full width at half maximum
GIXRD Gracing incidient x-ray photoelectron spectroscopy
GC Glassy cabon
HBE High binding energy feature
HER Hydrogen evolution reaction
IMFP Inelastic mean free path
LBE Low binding energy feature
SEM Scanning electron microscopy
SHE Standard hydrogen electrode
TGA Thermogravimetric analysis
OER Oxygen evolution reaction
UHV Ultra-high vacuum
UPS Ultraviolet photoelectron spectroscopy
i
VB Valence band
VBM Valence band maximum
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
ii
1. Introduction
Only few years ago, energy was predominantly supplied by coal-fired plants, natural gas and
nuclear power plants. The energy was generated where it was consumed. Due to the increasing
importance of the climate change and the nuclear accident in Fukushima (March 2011), the federal
government passed the Renewable Energy Sources Act (German: Erneuerbare Energien Gesetz
(EEG)) in 2011.
The goals of the energy transition were to abandon nuclear energy and to reduce the amount of
greenhouse-gases with regard to the climate change but also to become independent from the
import of fossil fuels. [1] A first progress report to the energy transition was published in 2014
from the federal ministry for economic affairs and energy (Bundesministerium fu¨r Wirtschaft und
Energie). The report shows, that the final energy consumption from renewable energies increase
for different energy sectors (electricity, heat and fuel). [1] Figure 1.1 plots the share of electricity,
heat and fuel consumption from renewable energies from the year 1990 to 2013. It comes clear,
that renewable energies gain importance in all sectors. [1]
 Heat consumption  Fuel consumption
Figure 1.1. Development of the renewable energy consumption divided by energy sectors. [1]
In 2015, renewable energies contributed about 30 % to the gross electricity generation of
Germany. [1] For comparison, in 2000 the contribution of renewable energies was only 6.6 %.
Figure 1.2 shows the share of various energy sources in the gross power generation of Germany as
well as the share of different technologies (hydropower, wind power, photovoltaics and biomass
conversion) in the renewable energy produced.
In contrast to conventional primary energy, which is continuously available, wind and solar power
generation is highly intermittent and characterized by rapid changes. Nevertheless, in order to
maintain the high security of supply and to stabilize the grid, a balance between demand and
supply must be secured at any time. This balance can be achieved through a grid expansion, a more
flexible energy production, an intelligent load and demand management and by the development
of appropriate storage technologies. [2]
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Figure 1.2. Share of various energy sources in the gross electricity generation of germany in the year 2015 in TWh. [1]
Since electricity itself cannot be stored directly in high quantities so far, it has to be converted
to other forms of energy e.g chemical energy, heat energy or mechanical energy, which can be
converted back into its electrical form in times of demand. The world wide storage capacity of
about 111 GW is mainly ensured by pumped hydroelectric storage systems. [3] But the expansion
of this technology is geographically limited and therefore alternative technologies have to be
developed. Figure 1.3 compares the power and time regimes of different storage technologies.
Short-term storage systems like supercapacitors and batteries have limited capacity but provide
peak performances within seconds to minutes. In contrast, long-term storage systems based on
hydrogen provide GW capacities and supply peak performances within hours to days. Especially
since hydrogen has the highest energy density by weight (33.3 kWh/kg), the hydrogen production
by water electrolysis is often announced as the crucial key technology for a long-term storage
system of excess energy.
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Figure 1.3. Power and time regimes of different storage technologies.
Technical electrolysers operate at current densities between 0.2 - 0.45 A/cm2, potentials
between 1.8 - 2.4 V, operating temperatures and pressures between 50 - 80 C˚ and 1 - 150 bar. [3]
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The atmospheric alkaline water electrolysis represents the most established technology in industry
for the electrochemical synthesis of hydrogen. Production rates of 10 - 500 m3/h are realized
with an energy yield of about 60 - 88 %. Up to now, the company Lurgi GmbH installed the
biggest commercial stack consisting of 556 cells, which produces hydrogen with a flow of 760 m3/h.
Nevertheless, compared to the technical maturity level of lead batteries and pump storage systems,
still high efforts must be directed into the further development and optimization of the water
electrolysis process.
In addition to the process optimization, the electrodes design plays a crucial role since the water
splitting reaction is kinetically hindered. One of the major obstacles of the electrolysis of water is
the overvoltage loss for the oxygen evolution reaction (OER). In terms of overpotential, the noble
metal oxides IrO2 and RuO2 as well as their bimetallic compounds still represent the best dark
water oxidation catalysts but they are rare and expensive. [4,5] Cheap, abundant and highly active
catalysts are required to reduce potential energy losses and to increase the process efficiency.
As part of the funding initiative ”MatRessource” of the BMBF (Bundesministerium fu¨r Bildung
und Forschung), the project SusHy ”Sustainable Hydrogen-Edelmetallfreie Katalysatoren fu¨r
die Wasserstoffproduktion aus erneuerbaren Energien” was founded in corporation with Evonik
Industries AG, the Forschungszentrum Ju¨lich, Leibniz-Institut fu¨r Katalyse, the Ruhr Univer-
sita¨t Bochum and the Technical University Darmstadt. [6] The aim of this project is on the
one hand to develop non-noble catalysts for both, the hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER) and on the other hand to integrate these in an operating
photo-electrochemical device that enable the clean production of hydrogen using sunlight. [6] With
respect to the specialized know-how of the project partners, the responsibilities were divided into
the development of the solar device (Forschungszentrum Ju¨lich, TU Darmstadt), the investigation
of HER/OER catalysts (Leibniz-Institut fu¨r Katalyse, Technical University Darmstadt, Ruhr
University Bochum) and the establishment of the final photo-electrochemical device for water
splitting (Evonik Industries AG).
As part of the SusHy project, the overall objective of this thesis is to investigate cheap and
abundant transition metal oxide catalysts as alternatives for the OER. Hereby, the choice of
transition metals for the deposition of mono-metallic and bimetallic oxide/hydroxide catalysts
include Co, Ni and Fe, whereby Co is set as the predominant metal. The competence of cobalt in
form of oxide/hydroxide films and [Co(H2O)6]
3+/[Co(H2O)6]
2+ complexes as catalysts for the
water oxidation is reported many times in literature. [7] In general, the activity trends found for
the transition metal oxides differ for different groups. While Delahay et al. reported an increase
in overpotential at 1 A/cm2 in the order of Co>Cu>Ni for the OER in alkaline media, an experi-
mental activity trend in the order of Ni>Co>Fe was found by Lyons et al at 10 mA/cm2. [8, 9] It
is commonly known, that an increase in activity of single metal oxides can be achieved by the
admixture of a second metal. [5, 10–12]
There are several synthesis techniques reported for transition metal oxides including electrode-
position, hydrothermal methods, organic synthesis, sputtering and chemical vapor deposition
(CVD). [5, 13–17] While the project partners focus on the catalyst synthesis by hydrothermal
methods, the focus of this thesis relays on the installation of a PECVD process to deposit thin
film catalysts for several reasons:
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1. The electrochemical activity of thin film catalysts (δ < 10 nm) is not significantly influenced
by the materials conductivity since the charge carriers must move only a short distance before
reaching the electrode. Furthermore, the investigated activity should be independent of
charge carrier concentrations and interfacial contact properties since thin films do not support
large depletion zones. Therefore, the investigation of thin film catalysts as model systems
are useful to gain a fundamental understanding of the catalytic behavior in dependence
on the preparation conditions, the catalysts composition, structural arrangement and the
electronic structure. [5]
2. Thin film techniques like CVD/PECVD or sputtering provide a binder-free deposition of
the active material directly onto the substrate. In contrast, the electrode preparation from
powdery catalysts do mostly require the additional use of a binder and the layer thickness is
difficult to adjust. Furthermore, the presence of grain boundaries can influence the charge
carrier transport, which limits the overall electrochemical activity.
3. The PECVD method offers the synthesis of cobalt based oxide catalysts at low-temperatures.
Especially with respect to the parallel work done in our group on solar cells, a process should
be developed, which offers the possibility to deposit catalysts directly onto the temperature
sensitive solar devices.
4. In general, thin film deposition techniques provide the possibility to deposit catalysts onto
three-dimensional porous electrodes in a conformal way.
In fact, the establishment of a PECVD process to deposit thin film cobalt based oxide catalysts
for the OER is innovative since this was not realized before. Although there is much literature
reported on the PECVD deposition and structural characterization of thin CoOx films, [18,19]
there is not one report about the PECVD deposition of CoOx/CoOx(OH)y films as catalysts for
the OER, to the authors knowledge.
Therefore, the influence of preparation parameters like operation mode (plasma vs. thermal),
substrate temperature, precursor temperature, deposition time and the type of reactive gas
(oxygen vs. air) on the electronic structure and the resulting electrochemical activity of mono-
and bimetallic catalysts is studied intensively. X-ray photoelectron spectroscopy is used as a main
method to investigate the oxidation state, the composition and structure. Since the layer thickness
of the x-ray amorphous catalyst films is at maximum 20 nm, Raman spectroscopy studies did not
give any valuable information.
In order to optimize the catalyst’s structure and composition systematically, a fundamental
mechanistic understanding is needed. Although the OER was investigated intensively in the past,
the complex mechanism, which involves four sequential electron transfer steps, is still unclear.
It is known from literature, that the activity strongly correlates with the ability of the surface
to stabilize OER intermediates like hydroxide-, hydroxo-, oxyhydroxide and oxo-species (OH*,
OOH*, O(OH)* and O*). [5, 20–22] The formation of these species mostly involves a change of
the oxidation state of the transition metal site, which can be detected in XPS. In fact, not only
the oxidation state of the transition metal oxides can change during OER but also the surface
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structure. [11] Therefore, much effort has especially been directed into studying the change of
oxidation state as well as the electrochemical induced structural transformation of the surface by
measuring XPS from the catalysts initial state and after the electrochemical test. With this, an
attempt is made to systematically study the effect of the electronic structure on the electrochemical
activity and to gain deeper insight into the OER mechanism.
5
Part I
Theoretical background
The first part of this thesis introduces the underlying theoretical fundamentals.
Chapter 2 presents a general description of the electrolysis of water as well as of the
electrochemical concepts which are used. Starting from the thermodynamic considerations,
the appearance of different types of overpotentials like charge transfer, mass transport and
reaction overpotential are discussed.
Chapter 3 gives an overview of the state of research with regard to the preparation of transition
metal oxides as catalysts for the OER, the development of a mechanistic understanding of
the OER and the electrochemical reaction behavior of transition metal oxides. Especially the
redox properties of transition metals play a central role for discussing the catalytic activity
of the catalysts.
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2. Electrolysis of water
With the increasing interest in renewable energies, the electrolysis of water attracted attention due
to its application as possible energy storage system. The electrolysis of water is the electrochemical
reaction of splitting water into hydrogen and oxygen by applying a direct current. In general,
electrochemistry deals with chemical reactions occurring at the interface of an electronic conductor
and an ionic conductor (electrolyte). An electrochemical reaction always involves an electron
transfer, whereby one component looses electrons in an oxidation reaction and the other compound
gains electrons by the reduction reaction. With this, every electron transfer involves simultaneously
oxidation and reduction, whereby the oxidation state of the reactants change. The overall reaction
type is called a redox reaction. Figure 2.1 shows a schematic illustration of a simplified electrolysis
cell.
O2 H2 
H2O OH- 
+ - 
Cathode Anode 
e- e- OH
- H2O 
Figure 2.1. Schematic illustration of an alkaline water ectrolysis cell.
In addition to the thermodynamic potential of 1.23 V, excess energy is needed to drive the
electrolysis of water in order to overcome the electrolyte resistance (Ohmic drop) and the kinetic
limitations in form of overpotentials. The required cell potential difference E can then be written
as Equation 2.1.
E = E0Anode − E
0
Cathode + Ση+ iRCell (2.1)
The following sections deal with these basic electrochemical phenomena and discuss their conse-
quences with regard to the interpretation of the results.
2.1 Standard half-cell potentials
Typically an electrochemical cell is assembled of two half-cells which are connected by an external
circuit. Since the individual potential of one half cell is not directly measurable, but only the
difference of two half cells, the standard hydrogen electrode (SHE) was adopted as the universally
reference half cell. The potential of the SHE is defined arbitrary as zero operating under standard
conditions (p= 1 bar, 25 ◦C and aox=ared=1). Measuring the potential of an unknown half cell
against the SHE at zero current gives its standard electrode potential (difference) E0, which is
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listed in the electrochemical series. As a convention, the half cell potentials are listed for the
reduction reaction.
2.2 Cell potential and free energy
The maximum electrical work that a galvanic cell can perform is
−wmax = q ∗ E0 (2.2)
The electromotive force E0 is the reversible cell potential determined at equilibrium when zero
current flows and q represents the electric charge. The change in free energy ∆G equals the
maximum useful work nFE0 of a process if the pressure and temperature are kept constant
(Equation 2.3). The Faraday constant F is 96 485 C/mol and n is the number of transferred
electrons in moles in the process.
∆G = −nFE0 (2.3)
Under operating conditions (non-equlibrium), the potential difference is denoted as terminal cell
voltage. In contrast to E0, which describes the thermodynamic voltage a cell can deliver under
equilibrium conditions, the terminal voltage E always differs due to overpotential losses. In this
context, E<E 0 means that the current flow is produced in a galvanic cell and E>E 0 means that
an external electrical power is used to run the chemical reaction in an electrolyzes cell.
2.3 Calculation of the cell potential: Nernst equation
To calculate electrode potentials differing from the standard conditions, the Nernst equation is
used (Equation 2.4).
E = Eo +
RT
nF
ln
aOx
aRed
(2.4)
It describes the dependence of the electrode potential E on the temperature T and concentration,
which is given as activity a or in case of gases, as pressure, given at unit fugacity f. The activities
of the reducing agent aRed and of the oxidizing agent aOx are defined by ax=γxcx, where γx is
the activity coefficient of species x. At a temperature of 25 C˚, the Nernst equation is simplified
by subsuming the universal gas constant R, the Faraday constant F and by replacing the natural
logarithm by the base-10 logarithm (Equation 2.5).
E = Eo +
0.059
ze
log
aOx
aRed
(2.5)
Considering the electrolysis of water in neutral or acidic solution at a temperature of 25 C˚, the
Nernst equation can be set up for the hydrogen evolution reaction (4H+ + 4 e− → 2H2) as given
in Equation 2.6. Since the partial pressure of the produced hydrogen equals the ambient pressure
of about 1 bar and the standard half cell potential E0H+/H2 is 0 V, the half cell potential EH+/H2
depend on the pH by 0 V-0.059*pH.
EH+/H2 = E
o
H+/H2
+
0.059
2
log
[aH2 ]
2
[pH+ ]
(2.6)
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The same considerations apply to the oxygen evolution reaction (O2 + 4e
− + 4H+ → 2H2O),
the half cell potential EH2O/O2 depends on the pH by 1.23 V- 0.059*pH. In general, the electrolysis
of water is mostly performed either in an acidic or in an alkaline electrolyte solution since pure
water itself has a high electrical resistance (>18 MΩcm). Table 2.1 compares the oxidation and
reduction reactions of the water electrolysis in acidic and alkaline electrolyte solutions.
Table 2.1. Oxidation and reduction reactions of the water electrolysis in acidic and alkaline electrolyte solution.
Neutral/acidic solution Alkaline solution
Cathode 4H+ + 4 e− → 2H2 4H2O+ 4 e− → 2H2 + 4OH−
Anode 2H2O→ O2 + 4e− + 4H+ 4OH− → O2 + 4e− + 2H2O
Also the deviation of the temperature and pressure of standard conditions affect the half cell
potential. Based on the relation E0 = -∆G/nF (Equation 2.2), the temperature dependence results
to Equation 2.7. The dependence of the potential on the pressure is given in Equation 2.8. [3]
∆E(T) = E0 −
∆Sp,T
nF
(T − T0) (2.7)
∆E(p) = E0 +
RT
zF
lnKp (2.8)
While an increase in temperature has a positive effect and the potential slightly decreases, the
increase of pressure affects the potential negatively.
2.4 Deviations of the thermodynamic potential: Overpotential
The thermodynamic potential of the water electrolysis is 1.23 V at standard conditions. In addition
to the thermodynamic expected potential, excess energy is required in form of overpotentials to
drive the reaction. For each electrode, the overpotential η is defined as the difference between the
experimentally determined electrode potential φexp for a given current density and its equilibrium
potential φ0 (Equation 2.9).
η = φexp − φ0 (2.9)
The total overpotential arises as the sum of different overpotential contributions like: (i) charge
transfer ηCT , (ii) mass transport ηMT and (iii) reaction overpotential ηR. Considering the nature
of an electrode reaction, the charge transfer overpotential ηCT is defined by the finite rate of the
charge transfer across the electrode/electrolyte phase boundary. More specifically, nCT arises from
the kinetic inhibition of the charge transfer between the ion and the electrode. In this thesis we
will use the standard description of charge transfer processes of electrochemistry assuming an
activated electron transfer across the double layer potential drop at the solid/electrolyte interface.
A description of the double layer was first given in the 1850s by Helmholtz. The Helmholtz
model describes the double layer as a plate capacitor. Figure 2.2 (left) presents a schematic
illustration of the double layer considering the Helmholtz model in case of water electrolysis. By
applying a voltage, the anode charges positively. This results in an dipole orientation of water
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molecules towards the positively charged surface (inner Helmholtz layer) and in an attraction of
the negatively charged hydroxide anions (outer Helmholtz layer). The hydroxide anions have to
overcome the potential barrier of the Helmholtz double layer to adsorb on the electrode surface so
that the charge transfer can take place. Figure 2.2 (right) shows a simplified electrical potential
profile which is formed across the double layer. Especially at low currents the electrode potential
is largely determined by the charge transfer.
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Figure 2.2. Schematic illustration of the Helmholtz layer (left) and the associated potential profile (right).
In the case of high currents, the diffusion overpotential can determine the electrode potential
due to a high turnover in connection with a slow mass transport of the ions from the electrolyte
to the electrode surface or the removal of the solid, e.g. oxygen release in case of the water
electrolysis, from the electrode.
The overall electrode reaction is generally composed of various subsequently occurring reaction
steps, whereby at least one of these is a charge transfer reaction. In contrast to the rate of the
charge transfer reaction, which is influenced by the potential difference across the double layer,
the rate of a chemical reaction depends on the concentrations but it does not directly depend
on the electrode potentials. [23] The reaction overpotential is specifically related to a chemical
reaction, which can occur before or after the charge transfer reaction.
2.5 Kinetic description of a charge transfer reaction
2.5.1 Butler-Volmer equation: Charge-transfer control
Using a metal electrode and an electrolyte with a high ioni concentration, the change of the
electrical potential is limited to the Helmholtz layer. Starting from equilibrium conditions (∆G = 0),
the kinetic of a simple charge transfer redox reaction Ox + e− ⇀↽ Red can be described by the
Butler-Volmer equation. [24]
J = Jo
[
exp
(
αF
RT
η
)
− exp
(
−
(1 − α)F
RT
η
)]
(2.10)
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The equation is based on the theory of the activated complex which predicts the charge transfer by
the formation of a transition state with an activation energy ∆G#. The current density J represents
a superimposition of the oxidation current density J+ and the reduction current density J− and
gives the dependence of the total current density on the overpotential (Equation 2.10). Figure 2.3
illustrates the function of the total current density J as well as the cathodic and anodic current
densities J− and J+. The current density increases exponentially with a rising overpotential
and the slope depends on the exchange current density J0 as well as on the charge transfer factor α.
J=J++ J- 
Anode: 
J+= J0 𝑒
𝛼𝑛𝐹
𝑅𝑇 η 
J0
 
η 
J 
n=0 
Cathode: 
J-= -J0 𝑒
−
(1−𝛼)𝑛𝐹
𝑅𝑇 η 
a) + lg J 
η 
J0
 
1 − 𝛼 𝑛𝐹
2.3 𝑅𝑇
 
𝛼𝑛𝐹
2.3 𝑅𝑇
 
J0
 
b) 
Figure 2.3. a) Illustration of the Butler Volmer dependence of the current density J on the overpotential η and b) the
Tafel-plot.
Based on the theory of an activated complex, the charge transfer factor describes the influence
of the potential difference at the electrode/electrolyte interface on the activation energy of the
charge transfer reaction. In case of α = 0.5, the curves of the anodic and cathodic current densities
are symmetric to each other, α > 0.5 means that the slope of the anodic current density is steeper
than the slope of the cathodic curve and α < 0.5 describes the opposite case. [24] The charge
transfer factor can be experimentally determined, typical values for α are around 0.5. [25] In
contrast to α, the exchange current density J0 influences both, the anodic and cathodic curve,
equally. It depends on the concentrations of the educts and on the activation energy of the charge
transfer without applied potential. Since the activation energy of the reaction is decreased by a
catalyst, J0 is also determined by the electro-catalytic activity of the electrode. J0 is determined
by plotting the logarithmic current density (anodic or cathodic) versus the overpotential.
If η >> RTnF is valid, the respective opposite reaction can be neglected and for the anodic and
cathodic current density, the so called Tafel equations result as given in Equation 2.11 and 2.12.
The exchange current density J0 is defined as the y-intercept of the Tafel-plots and α can be
determined from the slopes.
lgJ+ = lgJ0 +
αnF
2, 3RT
η (2.11)
lg|J−| = lgJ0 +
(1 − α)nF
2, 3RT
|η| (2.12)
The Butler-Volmer relation, discussed in Equation 2.10, is valid if the concentration of the active
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species cs in front of the electrode equal to the concentration in the inner solution c0. This is the
case when the mass transport is fast relative to the charge transfer.
2.5.2 Mass-transport control
As described in Chapter 2.4, beside the charge transfer overpotential ηCT , the mass transport
overpotential ηMT has to be considered for a diffusion controlled reaction, in which the ionic
transport becomes the rate determining step. The mass transfer of the ions takes place as
migration, diffusion and convection. While migration means the movement of the ion is caused by
the electric field, diffusion is induced by a concentration gradient and convection by the fluids
bulk motion resulting from a density gradient or mechanical stirring.
If a certain potential is applied (potentiostatic mode), the concentration will decrease from the
value of c0 to c
s. The concentration profile in the depletion zone near the electrode extends over
the layer of thickness δN (Nernst‘s diffusion layer). The depletion zone expands with increasing
current density in the inner solution and can be decreased by convection. [24] Considering a
non-stirred diffusion controlled reaction, the current density can be derived from Fick’s law of
diffusion (Equation 2.13).
J = nFD
c0 − c
s
δN
(2.13)
In case of a time-constant diffusion layer, the current density approaches the so called diffusion-
limited current density with decreasing surface concentration of cs (cs → 0). The diffusion limited
current density Jlim increases linearly with the electrolytes concentration and with decreasing δN.
In the region of limiting current, the overall overpotential is mainly described by the diffusion
overpotential ηdiff (Equation 2.14).
nDiff =
RT
zF
ln
cs
c0
(2.14)
2.5.3 Pre-/downstream-equilibrium reaction control
The overpotential arising from a pre-/downstream-equilibrium reaction or an involved adsorp-
tion/desorption step is summarized as reaction overpotential, which is therefore related to the
kinetic hindrance of an elementary reaction step and its activation barriers. The mechanism of the
hydrogen evolution reaction for example involves the transfer of two electrons and can take place
either as a combination of the Volmer-step (Equation 2.15) with the Tafel-step (Equation 2.16)
or with the Heyrovsky-step (Equation 2.17). The Volmer-step describes the adsorption of the
proton whereby one electron is transferred. Both, the Tafel-step and the Heyrovsky-step describe
the formation of hydrogen but whereas the Tafel-step does not involve a charge transfer step
and energetically no profit is observed for higher overpotentials, the Heyrovsky-step does involve
the transfer of an electron. Therefore, the Volmer-Heyrovsky mechanism dominates at high
overpotentials.
Volmer− step : H+ + e− ⇀↽ Hads (2.15)
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Tafel− step : Hads +Hads ⇀↽ H2 (2.16)
Heyrovsky− step : Hads +H
+ + e− ⇀↽ H2 (2.17)
It can be summarized, that only the overall rate determining charge transfer step of the re-
action can be described by the Butler-Volmer model. The oxygen evolution reaction is more
complex involving the transfer of four electrons and the formation of several intermediates as
e.g. OH− →OH*→O2−2 →O−2 →O2. Despite the intense research on the OER, the mechanism
of the oxygen evolution reaction on metal oxide surfaces is still not clear and the sequence of
elementary steps are only hypothesized in literature over the recent years. The development of
the mechanistic understanding of the OER on transition metal oxide electrodes will be discussed
in detail in the following Chapter.
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3. State of research: Transition metal oxides as catalyst for the OER
3.1 General overview
Due to the high price of RuO2 and the limited stability in alkaline media, non noble metal oxides
of Co, Ni or Mn gained great interest. [26–28] Beside transition metal oxides with rutile-type,
perovskite-type and spinel type structures, amorphous oxides and hydroxides are investigated to
find new active OER catalysts. Various preparation methods, including the anodic and cathodic
deposition from metal salts, passivation of metal electrode, reactive sputtering and chemical vapor
deposition are reported in literature. [29–32] Most of the transition metal oxide catalyst‘s are able
to operate in strong alkaline media showing a higher stability than the noble metal oxides. [26] In
the development of active catalyst materials, various approaches have been pursued to modify the
properties. Nanosizing of the material itself and the incorporation of a second metal turned out
as promising strategies to tune the electro-catalytic and electronic properties.
Table 3.1 presents a literature overview of Co- and Ni-based oxide catalysts, which were tested in
potassium hydroxide as well as of noble metal oxides in comparison. Overpotentials of pure cobalt
oxides are reported in the range of 290 - 500 mV at 10 mA/cm2. The highest electrochemical
activity was found for nanoparticulate systems. Esswein et al. for example deposited Co3O4
nanoparticles of different sizes in a hydrothermal process on Ni-foam and found an enhancement
of the electrochemical activity with decreasing size of the nanoparticles. [33] The smallest Co3O4
NPs had a size of 5.9 nm and required an overpotential of 328 mV to reach a current density
of 10 mA/cm2. Chou et al. observed an even higher activity for 10 nm sized particles, only an
overpotential of 291 mV was needed for a current density of 10 mA/cm2. [34]
Another strategy to enhance the catalysts activity represents the incorporation of a second metal.
There are reports indicating that mixed oxides have higher activities than the single-component
oxides. [5,35,36] An increase in the catalytic activity by incorporating a second metal was reported
by Crory et al. for example. [36] They synthesized CoOx, NiOx CoNiOx, NiFeOx and CoFeOx by
electrodeposition and tested their OER activity in a benchmark process. [36] The overpotential
at 10 mA/cm2 decreases in the order of NiOx (0.42 V) > CoOx (0.39 V) > CoNiOx (0.38 V)
> CoFeOx (0.37 V) > NiFeOx (0.35 V). [36] In agreement with these findings, Trotochaud et
al. reported a decrease of the overpotential of ultra-thin spun cast spinel CoOx from 0.38 V to
0.34 V for Co0.75Ni0.25Ox and to 0.32 V for Co0.5Ni0.5Ox at 1 mA/cm
2. Nevertheless, it has to
be mentioned that the catalytic enhancement is only valid when judged relatively to the pure
CoOx since NiOx itself was found to be more active than the bimetallic CoNiOx. It required only
an overpotential of 0.30 V at 1 mA/cm2. [5] The incorporation of Fe traces from the electrolyte
solutions in rock-salt NiOx, however led to an increase in activity. It was found, that Ni0.9Fe0.1Ox
provided the lowest overpotential (336 mV at 10 mV/cm2) and a 10-fold higher activity than
IrO2. Previous studies by Corrigan et al. have shown already the positive effect of Fe impurities
in KOH electrolyte solution on the OER activity of electrodeposited Ni(OH)2 electrodes. [28]
Also the incorporation of Cu is reported to have a positive effect on the activity of NiOx and
CoOx. Grewe et al. for example studied the OER activity of various mesoporous composite
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materials in 0.1 M KOH and they identified Co3O4-CuCo2O4 as the most active catalyst with an
overpotential of 0.498 V at 10 mA/cm2. They observed a decrease in overpotential in the order
of Co3O4-CuCo2O4 > -NiCo2O4 > -CoFe2O4 ≈ -CoMn2O4 at a current density of 10 mA/cm2.
Serov et al. observed an even lower overpotential of 0.42 V at 10 mA/cm2 for CuCo2O4. [37] The
performance of different catalysts is typically compared based on the geometric electrode area
although this is not straight forward since the current density is strongly influenced by the surface
topography and the active surface area of the catalyst. Table 3.1 presents a literature overview of
Co- and Ni-based oxide catalysts, which were tested in potassium hydroxide as well as of noble
metal oxides in comparison.
Table 3.1. Preparataion conditions, electrochemical test conditions and the overpotential at 10 mA/cm2 of various OER
catalysts. NC=Nanocrystals, NP= Nanoparticles, GC= Glassy carbon, CP= Carbon paper, overpotentials marked with a
star were read out from the figures in literature.
Material Synthesis route electrode/electrolyte η (10 mA/cm2) ref.
RuO2 hydrothermal GC/1 M KOH 420 [38]
IrO2 electrodeposition GC/1 M NaOH 320 [36]
IrO2 electrodeposition Au/Ti 1 M KOH 530 [5]
Co3O4 NP-5.9 nm hydrothermal Ni/ 1 M KOH 328 [33]
Co3O4 NP-21.1 nm hydrothermal Ni/ 1 M KOH 363 [33]
Co3O4 NP-46.9 nm hydrothermal Ni/ 1 M KOH 382 [33]
CoO-NP-10nm organic synthesis Ni/1 M KOH 291 [34]
Co3O4 hydrothermal GC/1 M KOH 510 [38]
Co3O4 NC hydrothermal GC/ 1 M KOH 330 [39]
Co3O4 nanocasting GC/ 1 M KOH 427 [40]
CoOx electrodeposition GC/1 M NaOH 390 [36]
CoOx electrodeposited Au/Ti/ 1M KOH 485* [5]
CoPi electrodeposition FTO/1 M NaOH 420 [36]
NiCo2O4 solvothermal CP/1 M KOH 360 [41]
Ni0.5Co0.5Ox electrodeposited Au/Ti/ 1 M KOH 375* [5]
CoxCuyO4 nanocasting GC/ 1 M KOH 391 [40]
Co2CuO4 pore forming 1 M KOH 420* [37]
NiFeOx electrodeposition GC/1 M NaOH 350 [36]
Ni0.9Fe0.1Ox electrodeposition Au/Ti 1 M KOH 336 [5]
It may be noticed, that in Table 3.1 no reference is given to a CVD or PECVD prepared CoOx
film as catalyst for the OER. Although thin film deposition techniques are widely used to prepare
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battery materials and semiconductors, they are not commonly used to prepare catalyst materials
for the OER.
There are many results published on the CVD and PECVD as a process to produce different CoOx
films, but the electrochemical OER activity of these materials has not been intensively studied yet.
Combining PECVD as a preparation method for cobalt oxides/hydroxides and their application
as catalysts combined with XPS investigation presents a new approach, that is promising for the
incorporation of catalysts into porous structures.
3.2 Development of a mechanistic understanding of the OER
In terms of catalysis, the reaction overpotential is considered as a kinetic phenomenon, which
is related to the kinetic driving force of elementary reaction steps needed to overcome existing
activation barriers. [22] The overpotential and the catalytic rate of the overall reaction process are
controlled by the slowest elementary step with the highest activation barrier, the rate determining
step. Most early mechanistic work relayed on the investigation of Tafel slopes from current-potential-
time analysis to obtain information on the rate determining step of the reaction process. [22]
The OER is a complex, four electron transfer process, which involves the formation of different
intermediates. The mechanism is discussed over the recent years in literature by different
hypotheses but even nowadays it is not fully understood. Since the mechanism strongly depends
on the electrode material and its electrochemical redox behavior, a generalization is anyhow not
possible. Since noble metal oxides like RuO2 and IrO2 are proven as highly active catalysts
with overpotentials below 300 mV at a current density of 10 mA/cm2, plenty of work have been
conducted to understand the mechanism and to find out how the electronic structure determines
the activity. [42] An early hypothesis for the mechanism of the OER on RuO2 electrodes in acidic
environments is given by Equation 3.1 to 3.4. [22,43,44] The symbol * presents the active site of a
catalyst.
∗+H2O→ ∗OH+H+ + e− (3.1)
∗OH→ ∗O+H+ + e− (3.2)
∗OH+ ∗OH→ ∗O+ ∗+H2O (3.3)
∗O+ ∗−O→ O2 + 2∗ (3.4)
The equation sequence (3.1)-(3.2)-(3.4) and the equation sequence (3.1)-(3.3)-(3.4) describe two
parallel reaction pathways. These reaction pathways were suggested for Ru(110) oxide single
crystal electrodes as well as for compact RuO2 electrodes. [22, 44] Castelli et al. reported for
a RuO2 single crystal with a face of (110) an experimental Tafel slope of 59 mV/dec at low
overpotentials and of 120 mV/dec at high overpotentials in 0.5 M H2SO4. They identified the
rearrangement of the intermediate surface complex *OH as the rate determining step (denoted
as RA) at low overpotentials (0- 0.3 V) and supported the reaction sequence (3.1)-(3.2)-(RA)-
(3.4). [45] Furthermore, they related the Tafel slope of 120 mV at high overpotentials (0.3- 0.4 V)
to a change of the OER mechanism and suggested the hydroxide formation (Equation 3.1) as the
rate determining step, whereby the reaction sequence became (3.1)-(3.2)-(3.4). [45] Since RuO2
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and its mixed oxide compounds are the primary ingredient in many commercial dimensionally
stable anodes (DSA), polycrystalline RuO2 coated Ti electrodes were studied intensively as a
model system. [22, 46] A high effort was made to find a correlation between the preparation
parameters (e.g the synthesis route itself, the annealing temperature), the resulting properties
(like BET surface, morphology) and the resulting electrochemical activity (for example the Tafel
slopes). As already mentioned, due to the high price of RuO2 and the limited stability in alkaline
media, non noble metal oxides and hydroxides of Co, Ni or Mn became of great interest. Mehandru
et al. proposed as a first step in the reaction sequence of the OER in alkaline media the discharge
of the hydroxide ions by binding to the electrodes surface (Equation 3.5). [47] The discharge
of the hydroxide ion can be either described as the formation of a bound hydroxide radical or
as its ligation to the surface. [22] The hydroxide discharge was thought to be followed either
by a deprotonation (Equation 3.6) and a subsequent discharge step (Equation 3.7 to 3.8) or by
the breaking of the M-OH bond related to the formation of a peroxide species, which finally
decomposes into O2 (Equation 3.9). [22, 47]
∗+OH− → ∗OH+ e− (3.5)
∗OH+OH− → ∗O− +H2O (3.6)
∗O− → ∗O+ e− (3.7)
2 ∗O→ O2 + 2 ∗ (3.8)
∗OH+OH− → ∗+H2O2 + e− (3.9)
Experimentally determined Tafel slopes vary in dependence of several influences like the prepa-
ration conditions, the choice of substrate, the test conditions (pH, electrolyte) and should be
compared with caution. But to get an idea about the order of magnitude Tafel slopes of some in
literature reported Co-based catalysts are summarized in Table 3.2.
Table 3.2. Preparation conditions, electrochemical test condition and Tafel slopes of cobalt oxide catalysts for the OER.
Material Synthesis route electrode/electrolyte Tafel slope [mV/dec] ref.
CoOx Photochemical MOD FTO/ 0.1 KOH 42 [48]
Co3O4 nanocrystals hydrothermal GC/0.1 M KOH 67 [39]
Co3O4 nanoparticles noncovalent functionalization ITO/0.1 phosphate buffer 104 [49]
CoOx electrodeposited Au/Ti/ 1M KOH 42 [5]
Ni0.25Co0.75Ox electrodeposited Au/Ti/ 1 M KOH 36 [5]
CoOx thermal decomposition Ni/ 30 % KOH 46 [50]
Based on the early concept introduced in 1955 by Ruetschi and Delahay, which hypothesizes
that the OER activity can be correlated to a single microscopic parameter like the chemisorption
energy of oxygen, the correlation between the activity and thermochemical quantities was further
progressed by the groups of Parsons, Bockris and Trasatti. [8, 51–53]
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Bockris and Otagawa for example provided an experimentally proof, that the OER activity is
strongly influenced by the binding energy of the surface bonded intermediates. [52,54] This relation
can be illustrated in so called vulcano plots, where the activity is plotted versus the binding
energy. [55]
Since it is difficult to determine binding energies experimentally, DFT calculations represent
a useful tool to calculate them. [8] Rossmeisl et al. developed a method to determine the
thermochemistry of the OER as a function of the potential using DFT calculations. [20, 22] They
studied the thermochemical aspect of the overpotential considering Au(111) and Pt(111) electrodes
by combining the calculated Gibbs free adsorption energy of the adsorbed species as a function
of the electrode potential with a pH- and potential- controlled thermodynamic model. [20] The
elementary steps used in their calculations are given in Equation 3.10 to 3.13 for the OER in
acidic solution.
∗+ 2 H2O→ ∗OH+H2O+H+ + e− (3.10)
∗OH+H2O+H+ + e− → ∗O+H2O+ 2H+ + 2e− (3.11)
∗O+H2O+ 2H+ + 2e− → ∗OOH+ 3H+ + 3e− (3.12)
∗OOH+ 3H+ + 3e− → ∗+O2 + 4H+ + 4e− (3.13)
Although the results only discuss the case of an acidic environment, Rossmeisl et al. point out
that the analysis could be easily extended to describe the OER in alkaline solution because the
intermediates are proposed to be the same. Figure 3.1 gives a schematic illustration of the proposed
OER mechanisms in alkaline and acidic media. [20] The discussion of the energy barriers for the
different elementary steps is restricted by the barriers coming from the free energy differences
of the intermediates. Additional barriers arising from the electron and proton transfer reaction
as well as from solvent reconstruction are not considered. [20] Figure 3.2 presents a simplified
illustration of the by Rossmeisl et al. calculated energetics of a thermodynamically ideal catalyst
in comparison to a metal electrode as a real catalyst. [20, 21]
*OH +H++e- +H2O
 
 
*O +2H2O +  
2H+ +2e- 
*OOH+3H++3e- 
O2 +4H
+ +4e- 
 
*+ 2H2O
 
ΔG1 
ΔG3 
ΔG4 
*OH+3OH-+e- 
 
*O +2OH- +  
H2O +2e
- 
*+4OH- 
ΔG2 
OER in alkaline solution OER in acidic solution 
O2 +2H2O +4e
- 
 
*OOH +OH- +H2O +3e
- 
Figure 3.1. Comparison of the OER mechanisms in alkaline (left) and acidic solution (right) proposed by Rossmeisl et
al. [20] The different intermediates are highlighted in bold.
The ideal catalysts (marked navy blue) exhibit equal Gibbs reaction energies for each elementary
step, what implies equal chemisorption energies. If each elementary step requires 1.23 V, in
the sum all thermochemical barriers disappear at a potential of 1.23 V. The real catalysts
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shows a different behavior, the Gibbs free energy of the elementary steps decrease in the order
∆G3 > ∆G1 = ∆G2 > ∆G4. While at a potential of 2.55 V all reaction steps are downhill in
case of Pt, the Gibbs free energy of the superoxy-type -OOH formation (∆G3) is still positive at a
potential of 1.23 V representing the rate determining step. [20, 22] The calculated off set potential
of a clean Pt surface is with 2.5 V much higher than the experimentally determined values for Pt
electrodes.
A minimum coverage of oxygen has to be considered since the change of oxygen coverage during
the OER affects the free energies of the intermediates. On a clean Pt surface for example, the
oxygen coverage will start to build up above a potential of 0.78 V since the dissociation of water
into ∗O and ∗OH is found to be downhill above this potential. [20]
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Figure 3.2. Plot of the Gibbs free energy versus the reaction coordinate on the basis of the description by Rossmeisl et
al. for a) a Pt electrode and b) a rutile type RuO2 electrode. [20]
Therefore, a further detailed investigation included the formation of a minimum oxygen
coverage. The oxygen coverage of the Pt(111) surface had to be increased from 1/6 to 2/3 in
order to facilitate the formation of ∗OOH. Only when the surface is sufficiently covered with
oxygen, the dissociatively adsorption of a water molecule on an adsorbed oxygen atom to form an
superoxy-type -OOH becomes more favorable than the adsorption on a free metal site. [20] As a
conclusion they found, that a certain surface oxidation is necessary to split water. The calculated
off set potential of 1.7 V for Pt agreed well with experimental data. By extending these studies to
other metals, Rossmeisl et al. approved the simple linear relation between the stability of the
different intermediates. Furthermore, their results indicated an universal relationship between
the catalytic activity and the oxygen binding energy. [20] The overpotential can be reduced
by tuning the chemisorption energies of the intermediates. But a minimum overpotential will
always be present due to the calculated linear scaling relation, which implies that the individual
chemisorption energies are linked to each other. [20, 22]
In 2007, Rossmeisl et al. investigated the trends in the electro-catalytic properties of three (110)
rutile-like oxide surfaces (RuO2, IrO2 and TiO2) using DFT calculation. [21] Since experimentally
RuO2 and IrO2 represent better OER catalysts than pure metal surfaces, it is of high interest to
apply the model in a similar way as described for Pt and Au [20] to the metal oxides. [21] And
indeed, a linear relation between the binding energies of the different intermediates ∗O, ∗OH and
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∗OOH was also found for rutile- type oxides. [21]
Figure 3.2 b) plots the calculated Gibbs free energies of all intermediates at different potentials
for the ideal catalyst compared to RuO2 as a real catalyst. For the RuO2 electrode, all reaction
steps are downhill at a potential of only 1.6 V. As it was discussed for the metal electrode, at
the equlibrium potential of 1.23 V the -OOH formation is identified as the rate determining
step. [21] Additional, Rossmeisl et al. presented volcano plots, which gives the theoretical activity
as a function of the oxygen binding energy. The vulcano plot depicts that in case of a strong
oxygen bond (small positive to negative ∆EO) the -OOH formation becomes limiting. If oxygen
bonds to weak to the surface (large ∆EO) the oxygen formation becomes limiting. Concluding
from this, RuO2 (large ∆EO) binds oxygen ∗O to weakly and by contrast, IrO2 binds oxygen too
strongly. The calculations are in agreement with experimental data and show a higher activity for
RuO2 than for IrO2 and TiO2. [21] In 2011, Man et al. presented an extended data set based of
calculated binding energies including rutile, perovskite, spinel, rock salt and bixbyite oxides using
the previously developed method in acidic and alkaline solution. [20, 21, 55] Koper et al. observed
a constant experimental scaling factor between ∗OH and ∗OOH of 3.2 eV for oxide surfaces
whereby Man et al. found that the free energy difference between these intermediates is almost
constant independent of the binding strength to the oxide surface indicating an universal scaling
relation. [55] These findings are consistent with previous results of Rossmeisl et al. for metal
electrodes. [20] Man et al. explained the constant binding energy difference ∆E∗OOH −∆E∗OH by
the fact that both intermediates prefer the same kind of active site. [55] They predicted the optimal
binding energy difference ∆E∗OOH − ∆E∗OH to be 2.46 eV for an ideal catalyst and concluded
that so far none of the considered oxides provided an optimum binding of both intermediates.
Only few catalysts operate in the range of the minimum overpotential (0.4-0.2 V) arising from the
difference between ∆E∗OOH − ∆E∗OH of the real catalyst and the ideal catalyst.
As a consequence of these studies, the future challenge in catalyst design will be to find a catalyst
with an improved relative stability between ∗OOH and ∗OH as well as an optimal positioned
∗O binding energy. The most promising transition metal oxides resulting from the calculated
vulcano plots are Co3O4 and NiO and perovskites like SrCoO3, LaNiO3. [55] A comparison of
experimentally determined electrochemical activities of theses materials show discrepancies. For
example, Co3O4 was predicted to be higher active than RuO2, but most experimental studies
observed a more activity for RuO2. One reason for the discrepancy between the calculated and
experimental activity values results from the difficulties to prepare the material in a perfect
crystal structure. The theoretical values for NiO were calculated for a perfect single crystal but
in reality NiO is mostly a complicated composition of NiO and NiOx, where Ni is present in
higher oxidation states. The experimentally determined activity values for Co3O4 depend strongly
on the preparation conditions and therefore a comparison with theory is difficult. In general,
a real catalyst mostly exhibits a range of different surface sites, where each site can have its
own coordination and chemisorption properties. [22] The overpotential is then a convolution of
individual overpotentials of different surface sites. Although these theoretical investigations base
on several assumptions, they give an important insight into the reaction process and help to
interpret and understand experimentally observed phase transformations and activity-structure
correlations.
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In future, methods like in-situ ambient pressure XPS, which makes the determination of the
binding energy of the intermediates possible, will play a key role in the further development of
a mechanistic understanding. Since these methods are not simply available, we tried to deduce
information about the mechanisms by characterizing the as deposited sample and the sample
after the electrochemical test, further notified as after EC, with different methods like XRD,
Raman, EPS and XPS. The following Chapter focuses on the electrochemical behavior of transition
metal oxides and discusses the correlation of the activity with experimentally observed phase
transformations and their relation to mechanistic proposals.
3.3 Electrochemical redox reactions of Co, Ni and Fe
In 1978 Gottesfeld and Srinivasan commended; ”the science of the OER is a science of the oxides
and their properties”. [56] This statement aims at the complex redox properties of metal oxide
catalysts in an electrolyte. In general, the redox reaction depends on several factors coming
from the nature of the oxide and from the manner of its preparation including composition,
structure and available oxidation states. The oxidation state, the composition and structure in
turn depends on the applied potential and the pH of the electrolyte under operating conditions.
The thermodynamically stable equilibrium phases of a material in an aqueous solution are mapped
in Pourbaix diagrams with respect to the applied potential and pH. The activity cannot be
correlated only with the structure and properties of the initial as-deposited material since a
potential induced phase transformation of the material has to be considered.
The Pourbaix diagram of cobalt was already introduced in 1966 by Pourbaix et al. in the Atlas of
Electrochemical Equilibria in Aqueous Solutions. [57] Under alkaline operation conditions (pH 13-
14) Co(OH)2 was suggested as the stable phase in a potential range between -0.8 - 0 V vs. NHE
and Co3O4/ Co(OH)2 between 0 - 0.6 V vs. NHE. Above a potential of 0.6 V vs. NHE, CoO2 was
proposed as the predominantly stable phase. [58] Baldjich et al. calculated Pourbaix diagrams
from the formation free energies and suggested CoO(OH) to be present as a stable phase above a
potential of 1.23 vs. RHE in addition to CoO2 under alkaline conditions (pH = 12- 13). [59] The
calculations are in agreement with experimental findings. [59,60] Yeo et al. for example proved the
partial transformation of CoOx to CoO(OH) by Raman spectroscopy in 0.1 M KOH. [60] They
suggested the electrochemical formed CoO(OH) as the catalytically active species with regard to
the redox couple Co(III)/Co(IV).
Doyle et al. investigated the potential induced surface oxidation process by recording cyclic
voltammograms for polycrystalline Co, Fe and Ni electrodes in 1 M KOH with scan rates between
150- 300 mV/s. [61] Figure 3.3 shows for example the cyclic voltammograms of a polycrystalline
Co electrode recorded with a scan rate of 300 mV/s. [61] The cyclic voltammogram shows five
oxidation peaks, which can be attributed to the potential depended formation of different passive
layers like Co(OH)2, CoO, Co3O4, CoO(OH) and CoO2 as given in Equation 3.14 to 3.19. [61]
While the origin of peak I, peak II, VI and peak V could be assigned to a specific reaction, the
origin of peak III is not as well defined. It is discussed as an overlay of the formation of Co3O4,
CoO(OH) and Co2O3 in literature. [61, 62] Foelske et al. investigated the potential dependent
formation of different passive layers of a polycrystalline cobalt electrode using XPS. [63] In contrast
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to the peak assignment of Doyle et al., they only detected Co(OH)2 below the potential region
corresponding to peak III in Figure 3.3 and no CoO. [61,63]
Figure 3.3. Cyclic voltammograms of a polycrystalline Co electrode recorded in 1 M KOH with a scan rate of 300 mV/s
and Hg/HgO as a reference electrode (Figure taken from [61]).
At a more anodic potential corresponding to peak III, the XPS results indicate the presence of
Co3O4 as the dominant species but also CoO(OH) was found. [63] A similar potential induced
redox reaction is observed for other transition metal oxides like NiOx and FeOx. [61, 64,65]
Peak I : Co+OH− → Co−OHads + e− (3.14)
Peak II : Co+ 2OH− → Co− (OH)2 + 2e− (3.15)
: Co+ 2OH− → Co−O+ 2H2O+ 2e− (3.16)
Peak IV : 3Co−O+H2O→ Co3O4 + 2H+ + 2e− (3.17)
: 3Co− (OH)2 + 2OH
− → Co3O4 + 4H2O+ 2e− (3.18)
Peak V : CoO(OH) +OH− → CoO2 +H2O+ e− (3.19)
Especially the redox behavior of Ni electrodes was intensively studied since Ni(OH)2 is an
important cathode material in metal hydride batteries. [61, 65] The typical cyclic voltammogram
of a polycrystalline Ni electrode recorded in 1 M NaOH has three oxidation peaks attributed
to the formation of NiO, Ni(OH)2 and NiO(OH). [9, 61, 66] Bode et al. found, that Ni(OH)2
can exist as two phases: anhydrous β-Ni(OH)2 and hydrous α-Ni(OH)2. [67] While β-Ni(OH)2
oxidizes to the corresponding β-NiO(OH), the oxidation of hydrous α-Ni(OH)2 leads to the
formation of γ-NiO(OH). [61, 67] A transition of α-Ni(OH)2 to β-Ni(OH)2 can result from a
dehydration in alkaline solution. Furthermore, at elevated potentials β-NiO(OH) can transform to
γ-NiO(OH). [61,67] The findings of Bode et al. are a significant advancement in the understanding
of the redox behavior of Ni and indicate the complexity of potential dependent redox reactions.
Studying the redox behavior of a polycrystalline NiOx film as catalyst for the OER, Trotochaud
et al. made an attempt to study the effect of the potential induced phase transformation on the
catalytic activity. [5] They identified the formation of a layered nickel hydroxide/(oxy)hydroxide
film at resting OER potentials by recording cyclic voltammetry and by measuring XPS from the
initial and the electrochemical conditioned films. Furthermore, they found that cobalt suppresses
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the in-situ formation of the active nickel hydroxide/(oxy)hydroxide film, which results in a decreased
electrochemical activity relative to the pure NiOx. Based on their findings, they suggested the
electrochemical formed Ni(OH)2/NiO(OH) phase to be the catalytically active phase. [5]
With respect to the potential dependent formation of different passivation layers and the complex
redox reactions of transition metal oxides, it is difficult to identify the actually catalytic active
phase. The understanding of the hydroxide and (oxy)hydroxide catalysts appears to be the crucial
key to gain a further fundamental understanding of the OER, since these are often discussed as
the active phase. [11, 38, 68, 69] Therefore, over the past few years great efforts have been devoted
to the preparation and characterization of transition metal hydroxides and (oxy)hydroxides as
catalysts for the OER. [11,38,70–72]
Zhan et al. for example synthesized Co(OH)2 in a hydrothermal procedure as a bifunctional
catalyst for the HER and OER. [38] They observed a higher performance of Co(OH)2 (η=0.43 V
at 10 mA/cm2) than both cobalt oxides CoO (η=0.45 V at 10 mA/cm2) and Co3O4 (η=0.51 V at
10 mA/cm2). [38]
Also Ni(OH)2 is reported to be more active than NiOx. [71,72] Stern et al. for example investigated
the OER activity of nanoparticular α-Ni(OH)2 in comparison to NiOx in 1 M KOH. [71] While
Ni(OH)2 films required an overpotential of only 0.299 V to reach a current density of 10 mA/cm
2,
NiOx films needed an overpotential of 0.331 V to reach a current density of 10 mA/cm
2. [71].
They identified the partial oxidation of Ni(OH)2 to NiO(OH) during OER employing GIXRD
and Raman spectroscopy. Geo et al. reported an overpotential of 0.331 V at a current density
of 10 mA/cm2 for nanostructured α-Ni(OH)2. [72] Lim et al. investigated the OER activity of
several layered (oxy)hydroxides like CoOx(OH)y, NiOx(OH)y, FeOx(OH)y and MnOx(OH)y,
which were prepared by precipitation. [73]. CoOx(OH)y and NiOx(OH)y were the most active
catalysts requiring overpotentials of about 0.44 V and 0.45 V at 10 mA/cm2 and Tafel slopes of
55 mV/dec and 144 mV/dec. [73]
From the discussion above it becomes clear, that the redox reaction and the resulting OER activity
of transition metal oxides, hydroxides and (oxy)hydroxides in electrolyte solution is very complex
and an uniform description can not be given so far.
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Part II
Experimentals
The second part of this thesis describes the experimental methodology. First, Chapter 4
explains the chemical vapor deposition process in detail. This includes a description of the
basic principles, the CVD setup and the different operation modes (CVD vs. plasma enhanced
CVD) as well as the experimental protocol. Following this, Chapter 5 covers the surface
characterization using x-ray photoelectron spectroscopy (XPS) as a main method to determine
the surface composition, the layer thickness and the oxidation state. Chapter 6 deals with
the details of the electrochemical characterization (EC) using a photoelectrochemical cell
to investigate the OER activity and stability of the catalysts. To get further insights into
the structural composition and arrangement, some catalyst films were additionally analyzed
with HREM and GIXRD. Figure 3.4 illustrates the sequence of the experimental protocol
including the preparation and characterization.
PECVD 
Open Circuit 
Potential (OCP) 
Electrochemical 
Impedanz (EIS) 
Cyclic Voltammetry 
(CV) 
Linear Sweep 
Voltammogram 
(LSV) 
X-Ray Photoelectron 
Spectroscopy (XPS) 
X-Ray Photoelectron 
Spectroscopy (XPS) 
Galvanostatic Scan 
HREM, GIXRD, 
Raman 
HREM, GIXRD, 
Raman 
Preparation 
Activity 
Stability 
Characterization 
Characterization 
Figure 3.4. Overview of the experimental protocol.
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4. Plasma enhanced chemical vapor deposition
In this work, a plasma enhanced chemical vapor process (PECVD) was developed to deposit pure
transition metal oxides as well as binary transition metal oxides. On the one hand there are costly
and inflexible ultra high vacuum preparation systems, which have a wide parameter window with
respect to pressure and gas flows. Turbo pump systems enable the deposition in a pressure regime
between p > 10 −3- p < 10 −10 mbar. In contrast there are the classical chemical syntheses, which
are indeed cheaper and more flexible but usually are limited to pressures p > 10 −3 mbar due to
the use of glass materials. The here constructed PECVD system combines the necessary elements
of UHV techniques with the autonomy and flexibility of the classical chemical synthesis.
First, the basic principles of the CVD and PECVD process are explained in Chapter 4.1 to 4.3.
Afterwards, the experimental setup as well as the deposition procedure is described in detail in
Chapter 4.4.
4.1 Chemical vapor deposition
The chemical vapor deposition describes the process, in which a solid phase material is formed
by the reaction and/or decomposition of volatile gaseous chemical components (precursors) on a
substrate surface. In dependence on the type of reaction one can discriminate between different
processes like thermal CVD, plasma-enhanced CVD or laser-enhanced CVD. If a metal-organic
precursor like cobalt acetylacetonate (Co(acac)3) is used, the process is further specified as metal-
organic chemical vapor deposition (MOCVD). Other subtypes of CVD are for example the metal
organic vapor epitaxy (MOVPE) or the hot filament CVD (HFCVD). In general, the CVD process
can be performed at atmospheric pressure (APCVD) or at low pressure (LPCVD). The LPCVD
process has the advantages of increased gas phase diffusion and lower gas flows whereby the
uniformity and homogeneity of the deposited layer increases. Furthermore, the LPCVD offers the
possibility to introduce a plasma excitation. One big disadvantage of the LPCVD are the lower
deposition rates compared to APCVD. Independent on the individual CVD technique, a series of
quasi steady-state processes are involved in the deposition process.
Figure 4.1 illustrates a general but simplified sequence of the reaction mechanism. [74] The main
gas flow passes over the surface of the substrate. It is known from fluid mechanics that a stagnant
boundary layer forms adjacent to the surface, where the gas stream velocity, concentration of
the reactants and temperature are not equal to the parameters set for the main gas stream. The
sequential process of CVD starts with the diffusion of the gaseous reactants to the surface across
the boundary layer (1). Within the vapor/substrate phase boundary, the reactants can adsorb and
diffuse (2) before either the surface reaction or a nucleation occur (3). Also a possible desorption
of the reactive species have to be considered. Finally, the reaction products desorb and diffuse
away from the surface (4). [74] The deposition rate is typically controlled by the mass transport
in the vapor phase or by the surface kinetics.
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Figure 4.1. Schematic description of the different processes, which can occur during the chemical vapor deposition.
In case of mass transport control the diffusion of the reactants across the boundary layer is the
rate-determining step and the surface reaction proceeds fast. This is typically observed at high
temperatures and high pressures. Indeed, high deposition rates can be realized but the deposited
films have a low conformity and tend to form particles. Furthermore mass transport controlled
processes are sensitive to the reactor design, since this influences the main gas flow
In the surface kinetics control regime, the diffusion in the vapor phase is fast and the surface
reaction is rate determining. The conditions for a surface kinetics control can be derived from the
Arrhenius plots, which show the logarithm of the deposition rate versus the reciprocal temperature
(Figure 4.2).
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Figure 4.2. a) Schematic Arrhenius plot for an endothermic reaction at different process pressures (p1 <p2 <p3). b)
Plot of the deposition rate versus the gas flow velocity. [75]
Figure 4.2 shows, that a surface kinetics control is typically achieved a) by operating at low
pressures and low temperatures or b) by increasing the gas flow velocity. A decrease of the total
pressure results in a higher diffusion rate and the boundary layer can be overcome more easily.
The surface reaction control offers the deposition of uniform and homogeneous films with an
optimum step coverage. A disadvantage of the process is the strong temperature dependence.
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4.2 Inductively coupled plasma
In contrast to thermal CVD, the PECVD process has the advantage that there is no temperature
constraint. The coupling of a plasma opens up new reaction pathways, which have a lower
activation energy. Hence, the reaction can proceed at a lower substrate temperature compared to
the thermal CVD.
In general, a plasma is defined as a quasi-neutral gas of charged particles containing atoms/molecules
as well as electrons and positive ions. [74] The plasma can be coupled by a direct current (DC) or
by a radio frequency (RF). In case of a DC discharge, the current is driven through a low-pressure
gas between two conductive electrodes. The RF discharge has the advantage, that the electrodes
do not have to be conductive. In principle, in a RF discharge electrons are accelerated in an
oscillating field with amplitudes in a frequency range between 0.1 - 40 MHz. The discharge can be
driven capacitively and inductively.
The great advantage of an inductively coupled plasma is that the electric current is supplied by
an electromagnetic induction from an externally installed copper coil, which is not contaminated
during the deposition process. Figure 4.3 a) shows a schematic illustration of an inductive RF
device with a planar coil used as an inductor. Inductive coils are commonly driven at 13.56 MHz
combined with a 50 Ohm RF supply and a capacitive matching network. A power between
0.1 - 100 kW is typically required. Figure 4.3 b) shows the magnetic field lines in the presence
of a plasma. Faraday‘s law of induction says that an alternating magnetic field induces an
azimuthal electric field with a certain current density. The plasma current is the opposite of the
coil current. [76]
Matching network 
a) 
Planar geometry 
B 
I 
Reactor wall 
Plasma 
Cu coil 
b) 
Figure 4.3. a) Schematic illustration of an inductive RF discharge device using a planar coil. b) Schematic RF magnetic
field lines of the planar inductive coil.
Independent of the type of discharge, any plasma consists of electrons, ions and neutral
atoms/molecules. The electron density regime of 1011 - 1012 cm3 for inductively coupled plasmas
is typically a factor of 10 times higher compared to capacitive coupled plasmas. In comparison,
the concentration of ions and electrons in the atmosphere is negligibly small. The magnetic field
decreases exponentially with distance to the reactor wall. The plasma electrons temperatures
range between 6 - 100 eV.
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4.3 Plasma chemistry
In general, energy can be transferred more rapidly to the plasma electrons than to the heavy ions.
If the elastic collision processes of the plasma electrons become less probable, which is the case at
low pressures, the electrons can gain sufficient kinetic energy to excite, ionize or dissociate heavier
particles by inelastic collisions. Gas phase collision processes are commonly expressed by the cross
section. [77] The complex interaction of charged and neutral particles determines the formation of
various reactive species and therefore the type of surface modification.
In case of the oxygen for example, which is a simple diatomic gas, a discharge can lead to the
formation of O, O3, O
+, O+2 , O
+
4 , O
−
3 , O
−
2 and O
−. The concentration of the species depend
on the energy and their cross sections. While the formation of O− and O has a maximum cross
section of 1*10−18 cm2 at 6.5 eV (Equation 4.1), the ion pair O+ and O− has a maximum cross
section of 3*10−18 cm2 at 24.3 eV (Equation 4.2). [77]
O2 + e
− → O− +O (4.1)
O2 + e
− → O− +O+ + e− (4.2)
With respect to the amount of involved reactive species, the decomposition of the precursor
within the plasma is complex and not clearly to define. Unfortunately, a mass spectrometer
was not available to analyze the gaseous decomposition products. But independent of the exact
reaction mechanism, the simplified reaction can be expressed as given in Equation 4.3 since the
deposition product itself is known from the subsequent XPS characterization.
O2,Plasma + Co(acac)3 → Co3O4 + CO2 +H2O (4.3)
4.4 Experimental setup
The final experimental setup (Figure 4.4) represents the result of an optimization process, which
will be explained in Chapter 8.1 within the results part.
The PECVD system is mainly composed of three parts: a vacuum unit, the reaction chamber
and a gas inlet system. The vacuum unit consists of a pressure gauge (Lesker, 275i Series), a
rotary pump (Pfeiffer Vacuum, ONF 25 M) and the vacuum sealed manipulator inlet, which are
connected to a stainless steel KF 50 cross supplied by Vacom. The system can be evacuated to a
pressure of 10 mtorr. It is known, that only UHV conditions guarantee the purity of the surface
without contamination by residual gases but with respect to the later application of the catalyst
films, carbon contaminations have to be considered anyway. It would not be feasible to install the
deposited electrodes in an electrolyzer under inert gas atmosphere.
A glass tee piece purchased by Quarzglas represents the vertical oriented cold-wall reaction
chamber with the load lock being positioned on the lateral KF 50 flange. Based on the positive
experience gathered with the existing PECVD system for depositing LiCoO2, the decision has
been made to use an inductive plasma. Hence, the reaction chamber has to be equipped with
a RF-generator (R301, Seren), a matching box (AT3, Seren) and a copper coil. The Cu coil
is installed outside of the reaction chamber to avoid its deposition. This requires the reaction
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chamber to be made of glass. The home-built substrate holder is attached to the end of the
manipulator. The substrate is heated by a halogen lamp (24 V/150 W) regulated by an Eurotherm
control (Eurotherm, 2416). The thermo-element is positioned at the substrate holder directly
next to the substrate. The substrate itself is fixed using omicron clamps on the bottom of the holder.
RF 
V1 
V2 
V3 
SETUP D 
Exhaust 
Gas supply 
Manipulator 
Load Lock 
Gas inlet 
Reaction chamber 
Vacuum unit 
Figure 4.4. Optimized PECVD setup, denoted as setup D. The instrumentation symbols PI, TIC and FIC denote the
pressure (P) indicator (I), temperature and flow indicator (I) and controller (C).
The precursor inlet system is mainly built of Swagelok fittings. The three precursor crucibles
are isolated from the reaction chamber by 1/4” manual valves (Swagelok, SS4BGVCR). While the
precursor line of Co was designed with an inner diameter of 1/2”, the precursor lines of the second
metals are designed with an inner diameter of 1/4”. All precursor lines are heated by heating wires
(Horst GmbH, 020103 HS 2.0, 250 W). The reactive gas is introduced in the reaction chamber
by a separate supply line, which is installed in a minimum distance to the precursor line on the
flange. At the beginning of the experiments, a shower-head gas inlet system was also investigated.
In contrast to the standard gas inlet system (Figure 4.5 a) the shower-head (Figure 4.5 b) ensures
a premixing of the gases by introducing a turbulent flow. Unfortunately, the acetylacetonate
precursors condensed in the shower-head. Since the standard gas inlet system also provided a
homogeneous PECVD film deposition with respect to the substrate dimension of only 1x1 cm,
no further efforts have been devoted to the development of a heatable shower-head gas inlet. All
gas supplies are equipped with a flow meter and a pressure regulator. Whereas simple float-type
flow-meters (ABB) are used to set the gas flows of the reactive gas and the carrier gas of the Co
line, MKS flow controls (MFCs, MKS Instruments) are used to define the carrier gas flows of the
second metals. Since all gases are introduced at the bottom of the reaction chamber, the gas flows
meet frontal the substrate.
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Figure 4.5. Schematic illustration of a) the precursor standard gas inlet and b) the shower-head gas inlet system.
First experiments were performed using argon as a carrier gas, later nitrogen was used. The
resulting XPS spectra did not show any differences depending on the carrier gas. Since an installed
nitrogen supply was provided in the lab, the use of nitrogen as a carrier gas was more practical.
Before the deposition can be carried out, different preparation steps have to be made (Figure 4.6).
Cleaning of the 
substrate 
5 min in 6 N HCl  
Weighing of 
the precursor 
Placement of 
the substrate 
on the holder 
Evacuation of 
the PECVD 
system 
Setting gas flows 
Heating to TPrec and TSub  
System kept constant 
for 10 min 
Coupling of the 
plasma 
Start of the 
deposition 
Figure 4.6. Schematic description of the different preparation steps carried out before the deposition.
These include the cleaning of the substrate, the weighing of the precursor and placement of
the substrate as well as the evacuation of the PECVD system, the setting of the gas flows, the
preheating of the crucibles and the substrate holder. Finally the inductive plasma was coupled.
The deposition time started when the precursor valves were opened. After the deposition, the
valves were closed again and the PECVD system had to cool down before the coated substrate
could be transferred out.
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4.5 List of Materials
Co(acac)3 Sigma Aldrich GmbH, 494534 Cobalt (III) acetylacetonate 99.99 % trace metal basis
Ni(acac)2 Sigma Aldrich GmbH, 283657 Nickel(II) acetylacetonate 95 % trace metal basis
Fe(acac)3 Sigma Aldrich GmbH, 517003 Iron(III) acetylacetonate 99.99 % trace metal basis
Cu(acac)2 Sigma Aldrich GmbH, C87851 Copper(II) acetylacetonate 97 % trace metal basis
Ti-foil Alfa Aesar, 10385, 0.25 mm titanium foil 99.95 % trace metal basis
Ni-foam Goodfellow (purchased and provided by Evonik)
6 N HCl Roth, 0281.1 6 N hydrochloric acid
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5. Photoelectron Spectroscopy (XPS)
The spectroscopy based on the emission of electrons was developed mainly by Siegbahn and
introduced as Electron Spectroscopy for Chemical Analysis (ESCA). [78] Nowadays, Photoelectron
Spectroscopy ( PES) is established as a general term. In dependence on the used photon source
one can discriminate between two experimental cases, X-ray Photoelectron Spectroscopy (XPS)
and Ultraviolet Photoelectron Spectroscopy (UPS). In case of UPS the energy of the incoming
photons is in the ultraviolet regime between 5 eV to 100 eV and therefore UPS is limited to the
energy levels of the valence electrons. XPS operates with photons in the x-ray regime between
100 eV to >1000 eV, which makes the analysis of core level electrons possible. Valence electrons
can also be detected with XPS but the fine structure can only be studied in detail with UPS.
XPS is used as a main method in this thesis for two reasons. First, with respect to the layer
thickness regime of 1 nm to 10 nm and the amorphous nature of PECVD deposited films, a surface
sensitive method like XPS is needed. Characterization methods like XRD, EDX, Raman did not
provide valuable information of the PECVD films prepared in this thesis. Second, a change in the
electronic structure and the composition of the surface can be identified by measuring XPS before
and after the electrochemical test.
Since one major challenge is still to understand and elucidate the reaction mechanism of water
splitting on oxide surfaces, the combination of XPS as a surface sensitive characterization method
with the electrochemical investigation of the catalyst presents a powerful approach to get a better
mechanistic and fundamental understanding by correlating the change in electronic structure with
the electrochemical performance.
5.1 Basic principles
The phenomenon of photoemission was detected first by Hertz in 1887 and could be explained as
the photoelectric effect in 1905 by Einstein [79, 80]. The photoelectric effect states that electrons
can be liberated from the solid by electromagnetic radiation with sufficient energy. Considering
that electrons in a solid can only occupy discrete energy levels, the binding energy is a function
of the atomic number Z as well as of the first quantum number n of the respective orbital. The
binding energy Ebin can be calculated from the detected kinetic energy Ekin of the emitted
electron and represents the energy of the initially occupied orbital. Therefore elements can be
distinguished and analyzed [81].
The principle of the photoelectric effect is illustrated in Figure 5.1. It becomes clear, that
photoionization can only occur if the excitation energy of the photon hν is greater than the
binding energy Ebin of the electron and the work function of the sample φSample. Equation 5.1
gives a mathematical expression for the kinetic energy.
Ekin = hν− Ebin − φsample (5.1)
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To ensure an accurate measurement of the kinetic energy of the photoelectrons by the spectrometer
with respect to its own Fermi level, the sample has to be electrically connected to the spectrometer.
hν 
EBin 
ΦSample 
Ekin +(Φsample-Φspec) 
ΦSpec 
EVac 
EF 
Ekin 
Figure 5.1. Schematic illustration of the photoelectric effect.
The electrical contact equalizes the Fermi level of the sample and the spectrometer and
therefore the binding energy is independent from the work function of the analyzed sample. [82]
Experimentally, the work function of the spectrometer has to be determined by measuring the
Fermi level of a clean metallic surface to calibrate the resulting binding energies with this value.
In conclusion, the binding energy can then be calculated as given in Equation -5.2.
Ebin = hν− Ekin − φspec (5.2)
Chemical shift
To distinguish between two different chemical compounds of an element, especially the binding
energy difference of their core level lines is of interest. This energy difference is called chemical
shift and is mostly influenced by the chemical environment of an atom. With regard to the
Koopmans‘theorem, which assumes that the orbitals of the ionized atom are identical to the
orbitals in the neutral atom (frozen orbital approximation), one can attribute the chemical shift
directly to a change in the initial state. This means in a first approximation that with increasing
positive charge on an atom, the binding energy increases. Therefore, metal oxides have typically a
higher binding energy than the pure element. The chemical shift cannot always be attributed to a
change in the initial state only. The final state can also have an impact in the binding energy. In
case of cobalt for example, the binding energy of the electron in Co2+ (780.5 eV) is higher than
the binding energy of the electron in Co3+ (779.6 eV).
Final state effects
After the process of photoemission the system is lacking one electron with regard to the initial
state, a final state is generated. According to the frozen electron approximation, which excludes
relaxation energies, the binding energy is given as the difference between the initial state and
the final state. But in reality, the final state energy will be decreased due to the relaxation of
the outer electrons. The relaxation of the remaining electrons towards the hole lowers the total
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energy of the ion and additional features in the spectrum can be observed (final state effects).
Equation 5.3 presents a simplified modification, which includes a relaxation term.
Ebin = Ef − Ei − Erelax (5.3)
The spin orbit splitting for example, which results from the coupling of the spin of the unpaired
electron in the ion with the angular momentum l of the orbital gives two possible final states with
j = l± s.
Since the s-orbital has an orbital angular momentum of l = 0, no spin-orbit splitting is observed.
The orbital angular momentum of the p-orbital is l = 1, therefore the total angular momentum can
attain a value of either j = 32 or j =
1
2 and the photoemission line is splitted into a doublet. The
intensity ratio of the resulting photoemission lines p3/2 and p1/2 correspond to the ratio of the
number of degenerated coupling 2j + 1. Table 5.1 summarizes the parameters of spin-orbit-splitting.
Table 5.1. Parameters of spin-orbit splitting.
Orbital l s j = l± s Intensity ratio
s 0 1
2
1
2
-
p 1 1
2
1
2
, 3
2
1: 2
d 2 1
2
3
2
, 5
2
2: 3
f 3 1
2
5
2
, 7
2
3: 4
Shake-up and shake-off satellites are another spectral feature, which arise when a core level
electron is emitted. The emitting photoelectron can interact with a valence electron by exciting
it into an energetically higher unoccupied state. As a consequence the energy of the emitted
photoelectron reduces and a shake-up satellite appears below the kinetic energy of the core level
line. Also a valence electron can be ejected by the excitation of the photoelectron and a shake-off
satellite emerges.
Auger lines
Auger electrons are emitted in the relaxation process of the excited ionized atom. For example
the emittance of an electron of the K level creates a hole, which is filled up from an electron of
the L1 level. The transition energy is imparted to an electron of the L2,3 level, which is emitted as
an KLL Auger electron.
5.2 Determination of the layer thickness
A photoemission spectrum shows several photoemission lines, which are attributed to element
specific orbitals X. The intensity of an emission line I depends on the photon flux density J(hν),
the atomic density in atoms N, the cross section σ(hν, θ, X) at the orbital X and the angle of
photoemission θ, the mean free path λ(Ek) of the electrons and the transmission factor T(Ek,Ep)
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of the analyzer. Ek represents the kinetic energy of the emitted electrons and Ep is the energy of
the electrons crossing the analyzer. [83, 84]
I(Ek,X) = J(hν) ∗N ∗ σ(hν, θ,X) ∗ λ(Ek) ∗ T(Ek,Ep) (5.4)
The photon flux density is assumed to be constant over the analyzed range and can be calcu-
lated from the spectrometer arrangement excluding scattering effects. The transmission factor
T(Ek,Ep) can be approximated by T(Ek) ∝ E−0.5k when the experiments are performed with a
constant pass energy Ep. For a qualitative analysis, the mean free path of the photoelectrons was
estimated as λ ∝ E0.7414k . The exponent presents an empirically determined average value. [85]
For the quantitative determination of the layer thickness, the absolute values of the inelastic
mean free paths (IMFP) have to be determined. In this work the mean free paths of different
materials were calculated using the program NIST-IMFPWIN. Table 5.2 presents the calculated
IMFPs λ of several photoemission lines of CoO, Co3O4, NiO, Fe2O3 as well as the parameters for
quantification (the material density ρ, the number of valence electrons VE, the kinetic energy Ek).
Table 5.2. Material parameters and calculated IMPF values of several PES lines at a certain kinetik energy Ek in a
defined material
Material ρ VE PES line Ekin λ
[g/cm2] [eV] [A˚]
CoO 6.45 15 Co 2p 705.1 14.0
Co3O4 6.07 51 Co 2p 706.0 14.41
TiO2 4.23 20 Ti 2p 1028.0 18.0
SiO2 2.65 20 Si 2p 1384.3 23.0
NiO 6.72 16 Ni 2p 632.0 13.02
Fe2O3 5.24 34 Fe 2p 775.0 15.9
A common approach is to assume an exponential attenuation of the substrate signal IS caused
by the overlayer O. [86] The layer thickness can then be calculated as given in Equation 5.5.
d = λO ∗ ln
(
1 +
IO/σO
IS/σS
)
(5.5)
Equations 5.6 give an mathematical expression for the photon intensities of the overlayer O and
the substrate S. Since the photon flux density J as well as the layer thickness d are unknown, the
equations have to be solved numerically.
IO = J ∗ σO ∗
(
1 − exp
(
−tO
λO(EO)
))
; IS = J ∗ σS ∗ exp
(
−tO
λO(ES)
)
(5.6)
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The angular dependent electron escape depth is described by λ as given in Equation 5.7.
λO = cosθ ∗ λ (5.7)
Indeed, this method provides the possibility to determine easily the layer thickness d of thin
films in the range between 0.1 nm- 10 nm, but it must be noted that this method only fully
applies to homogeneous layers with defined stoichiometry since the mean free path of a certain
structure was used for the calculation. With regard to the amount of carbon contamination, which
is between 15 - 25 % within the layers, the real mean free path will be slightly different to the
calculated ones. Also, the presence of holes within the layer, which distort the determination of
the layer thickness cannot be ruled out although the investigation of the morphology with SEM
indicates a homogeneous film deposition. To conclude, this method does not provide absolute
thickness values due to the undefined composition of the here investigated systems, but it can be
used to make a rough estimation and to compare differently deposited catalysts relative to each
other.
5.3 Determination of the oxidation states and their ratio in mixed valence
CoOx
To understand the catalytic interaction between the catalyst and the electrolyte, one has to find
out in which oxidation state the catalyst operates with the highest performance, if there are
changes in the oxidation state under operating conditions and in which way the electronic structure
can be positively influenced by adding a second metal. The oxidation states of cobalt can be
distinguished by a chemical shift in the main line and by its satellites. While the Co(II) oxidation
state is identified by a satellite structure at a distance of 6 eV from the main line, the satellite
structure of Co(III) is located at a binding energy distance of 10 - 11 eV. [87–89] Figure 5.2
compares the Co 2p3/2 lines of LiCoO2, CoO and the curve line fitted Co(II)(III)Ox spectrum.
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Figure 5.2. Co 2p3/2 core level spectra of LiCoO2 (black), CoO (grey) and the curve line fitted Co 2p spectrum of a
mixed valences Co(II)(III)Ox (magenta).
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The relative contributions of Co(II) and Co(III) in an undefined cobalt oxide can be determined
in CasaXPS by the deconvolution of the complex spectrum using a defined reference spectrum
for each oxidation state. Whereby the Co 2p core level spectrum of CoO defines the reference
Co 2p line representing the Co(II) oxidation state, the Co 2p spectrum of LiCoO2 represents
the reference Co 2p line of the Co(III) oxidation state. The Co(II)/Co(III) ratio can be finally
estimated from the area ratio of the fits.
5.4 Reference spectra of Co3O4 and Co(OH)2
Although reference spectra of different cobalt oxides are reported many times in literature, the
Co 2p3/2, O 1s and valence band spectra of Co3O4/Si, which was sputter deposited in our group
by Thomas Spa¨th, are shown here exemplary as a reference (Figure 5.3). The surface is free
from carbon contaminations, since the sputter deposited sample was transferred to the XPS
spectrometer under UHV conditions. In case of Co3O4, Co is present in both oxidation states,
Co(II) and Co(III). Therefore, the Co 2p3/2 spectrum exhibits in agreement with literature reports
the Co(III) satellite at a distance of 10 eV and the Co(II) satellite at a distance of 6 eV as
well as the double peak feature of the main line. [87, 89, 90] The O 1s peak of lattice oxygen is
typically positioned at around 529.5- 529.9 eV. The valence band spectrum shows the for Co(III)
characteristic intense Co 3d feature at a binding energy of 1.28 eV.
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Figure 5.3. Co 2p, O 1s and valence band spectra of sputter deposited Co3O4 recorded by Thomas Spa¨th.
For comparison, the reference spectra of Co(OH)2, which only exhibits the Co(II) oxidation
state, are shown in Figure 5.4. Co(OH)2 was purchased as powder and characterized by Natalia
Schulz. The Co 2p3/2 peak is located at a binding energy of 780.9 eV with a satellite at a distance
of 5.5 eV. The O 1s peak is positioned at a binding energy of 531.3 eV and represents hydroxide
moieties. The valence band does not show the Co 3d feature of Co(III) at a binding energy of
1.3 eV, but a valence band feature with maximum intensity at a binding energy of 2.6 eV.
Even the XPS spectra of CoO and Co(OH)2 can be distinguished. The here shown XPS reference
spectra of CoO are adapted from literature, since it is expensive and it has already been studied
in detail. [90]
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Figure 5.4. Co 2p, O 1s and valence band spectra of powdery Co(OH)2 recorded by Natalia Schulz.
The binding energy of the Co 2p3/2 of CoO is shifted by 1 eV to a lower binding energy of
780.0 eV and the satellite structure appears at an increased binding energy distance of 6 eV.
Furthermore, the O 1s spectrum of CoO exhibits only the O 1s peak attributed to lattice oxygen.
McIntyre et al. reported a binding energy of 780.0 eV for the Co 2p3/2 peak of CoO and an
associated binding energy difference of 6- 6.5 eV for the satellite structure of CoO. [87,91]
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Figure 5.5. Co 2p3/2 and O 1s spectra of a UHV cleaved CoO(100) sample adapted from literature [90].
The comparison of the reference spectra shows, that each cobalt oxide has its unique line shape
and satellite structure and as a consequence the oxidation state and structure can be distinguished
by the difference of these.
Since a main task of this thesis represents the XPS characterization of electrochemically character-
ized cobalt oxides, an attempt was made to deposit cobalt reference materials electrochemically by
potentiostatic conditioning starting from a cobalt foil for comparison. For this purpose, the exper-
iments were performed in the electrochemical cell, which is directly connected to the UHV system.
This setup allows to transfer the sample under inert gas atmosphere from the electrochemical cell
to the XPS system. The potential induced phase transformation of cobalt was already discussed in
Chapter 3.3. Analog to the investigations of Doyle et al., cyclic voltammogramms were recorded in
1 M KOH for a polycrystalline cobalt foil with scan rates of 100 mV/s and 300 mV/s. Figure 5.6 a
shows the cyclic voltammogram recorded with a scan rate of 100 mV/s. The redox peaks are
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not as pronounced as found by Doyle et al. and the redox peak of the Co(III)/Co(IV) transition
is superimposed by the oxygen oxidation reaction. Nevertheless, a 15 minutes potentiostatic
conditioning was performed before and after the first redox transition at potentials of 0.112 V and
0.250 V vs. Hg/HgO and after the second redox transition at a potential of 0.6 V vs. Hg/HgO.
XPS spectra were recorded right after each conditioning step. The Co 2p3/2 and O 1s spectra are
shown in Figure 5.6 b) and c). The O 1s spectra identify the coexistence of oxides and hydroxides
at all potentials. Literature suggested Co(OH)2 as the stable phase at potentials below 0.2 V vs.
Hg/HgO. [61]
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Figure 5.6. Co 2p3/2 and O 1s detail spectra of potentiostatically conditioned Co-foil. The conditioning was performed
at 0.112 V, 0.25 V and 0.6 V vs. Hg/HgO in 1 M KOH for 15 min.
The Co 2p3/2 spectrum recorded after the potentiostatic conditioning at a potential of 0.112 V
identifies Co(II) as the predominant oxidation state, but also metallic Co(O) is still detectable
at a binding energy of 778.3 eV. In agreement with literature, the O 1s spectrum confirms the
presence of CoO by the O 1s feature at a binding energy of 529.7 V and of Co(OH)2 by the high
binding energy O 1s feature at 531.3 eV. The Co 2p3/2 spectra recorded after the potentiostatic
conditioning at a potential of 0.25 V and 0.6 V look similar, the Co 2p line agrees with the one
reported for Co3O4 as structure of spinel. Nevertheless, the superposition of the Co 2p line of
CoO(OH) and Co3O4 cannot be ruled out. Due to the complex electrochemical redox behavior of
transition metals and their oxides, the resulting XPS spectra are not as clear to interpret.
5.5 Calculating the atomic concentration of hydroxide moieties
The accurate determination of the surface composition is essential for identifying the types and
amounts of functional groups. With respect to the investigation of the water splitting mechanism,
the identification of hydroxide intermediates after the electrochemical characterization presents a
central role of this thesis. Typically the O 1s spectrum of a metal oxide exhibits two peaks: a
low binding energy feature (LBE) and a high binding energy feature (HBE). There is general
agreement in literature that the LBE feature, which is typically positioned between 529.5 eV
to 530 eV, is attributed to metal bonded lattice oxygen. The HBE feature is not as definite to
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assign since the BE positions of oxygen defects, hydroxide species and carbon bonded oxygen
are close together. To discuss the formation of hydroxide species, especially the contribution of
carbon-bonded oxygen to the total area of the HBE feature has to be considered. Therefore,
the atomic concentration of carbon bonded oxygen was determined from the C 1s spectrum to
constrain the area of the O 1s fit representing the C-O species. Figure 5.7 shows as an example
the C 1s spectrum and the construction of the C-O fit (red) in the O 1s spectrum.
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Figure 5.7. XPS detail spectra of the C 1s and O 1s regions of pl CoOx.
The C 1s spectrum exhibits ether-type carbon species (C-O) at 286.2 eV and carbonyl species
(C=O) at 288 eV. The FWHM of the O 1s fit of the C-O contributions are constrained between
1.6 eV to 1.8 eV. Table 5.3 summarizes the calculated areas of the C-O, the LBE and the HBE
fits.
Table 5.3. Calculated areas of the C-O, the LBE and the HBE fits. All areas are corrected for the atomic sensitvity
factor (RSF), the transmission factor (TM) and the mean free path (MFP).
Sample A(C 1sC−O) A(O 1sC−O) O 1sLBE O 1sHBE LBE:HBE
[RSF*T*MFP] [RSF*T*MFP] [RSF*T*MFP] [RSF*T*MFP ] [%]
S13 133.7 338.9 781.4 420.7 65:35
In addition to the carbon contribution, TiO2 had to be considered if the substrate signal
was detectable. Analog to the construction of the C-O fit, a O 1s line fit representing TiO2 was
constrained with the area representing the atomic concentration of Ti. The O 1s fit of Ti-O
was constrained to the binding energy position of 530.1 eV and to the full width half maximum
(FWHM) of 1.22 eV, since these parameters were obtained from the O 1s spectrum of the pure
Ti/TiO2 substrate.
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5.6 Instrumentation
The experimental setup of the PES experiment including the X-ray-source, the analyzer and the
detector, is illustrated in Figure 5.8. The XPS system was purchased from SPECS Surface Nano
Analysis GmbH. A monochromatic Al-Kα (XR 50 M, Focus 500) tube was used as X-ray source.
The hemispherical analyzer Phoibos 150 was operated in Constant Analyzer Energy (CAE) mode.
By applying a voltage, the emitted photoelectrons are retarded to a certain pass energy before
entering the analyzer. A full spectrum is then recorded by varying the retarding potential keeping
the pass energy constant.
The CAE mode has the advantage of a constant spectral resolution. The emitted electrons were
detected by a nine channeltron detector.
Slitout Slitin 
EKin 
Sample Detector 
Analyser 
R0 
hν 
X-ray 
source 
Figure 5.8. Schematic illustration of the PES experiment.
The XPS spectrometer was calibrated by correcting the relative binding energy difference of
the measured 3d core level emission lines and the Fermi edges of sputter-cleaned Ag, Au and Cu
to their literature values.
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6. Electrochemical characterization
The decomposition of water by an electrical discharge into ”combustible air” and ”live-giving air”
was already discovered by Troostwijk and Deinman in 1789. The phenomenon could be further
described by Nicholson and Carlisle as the electrolysis of water into hydrogen and oxygen. [92] In
general the electrolysis of water means to drive a thermodynamic uphill reaction using a direct
electric current as described in Chapter 2). To make this process efficient, catalysts are needed
to reduce overpotentials. The field of electrochemistry is complex and one major problem is
the missing comparability of the results. A material can show different catalytic behavior in
dependence of the applied test protocol. Another reason what makes the comparison to literature
data difficult is the different possibilities to declare the determined potentials. Data can be
given versus the standard hydrogen electrode, the reversible hydrogen electrode or against the
reference electrode. To guarantee the comparability of the results within the project SusHy, an
electrochemical test procedure was defined and the reference electrodes were stated. The test
protocol included the measurement of the open circuit potential (OCP) for ten minutes, the
electrochemical impedance spectroscopy (EIS) (20 Hz-20 kHz), a cyclic voltammogram (CV) and
a galvanostatic scan (GS). Table 6.1 summarizes the electrochemical test procedure.
Table 6.1. Electrochemical test protocol specified in the consortium of the project SusHy.
Step No Experimental Determined value
1 10 min at OCP Open circuit potential
2 EIS (20 kHz-20 Hz) Electrolyte resistance
3 Pol at 1.23 V Polarize to start value of step 4
4 CV, 10 mV/s, 1 scan, 1.23 V to 1.8 V Overpotential η at current density I
5 Pol. at 1.23 V Polarize to start value of step 6
6 LSV, 1mV/s, 1.23 V to 1.8 V Onset potential
7 GS at 10 mA/cm2, 15 min Degradation slope
In this thesis, all potentials are given versus RHE and are corrected for the electrolyte resistance.
Since this test procedure is time consuming a modified test protocol was applied to be able to
screen the activity of a greater amount of catalysts. The modified protocol leaves out step 6
because the linear scan does not give a necessary additional information about the activity, for a
first assessment of the catalytic activity the determined cyclic voltammograms are used. In some
cases a cyclic voltammogram was recorded after the degradation test (Step 7) in addition to the
specified test protocol to investigate possible changes induced by degradation.
The electrochemical tests were performed in the ex-situ experimental setup (Chapter 6.1). There
was also the possibility to perform the electrochemical characterization in an electrochemical cell,
which is directly attached to the UHV system. The advantage of the integrated cell is, that the
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sample can be transferred under inert gas atmosphere to the XPS. But due to the required long
evacuation times, the experiments are highly time consuming. All in all, only two catalysts were
characterized using the integrated electrochemical cell in order to exclude a possible influence of
the contact with air on the electronic structure and composition of the characterized catalysts.
But since the results did not differ from the ones performed with the ex-situ setup, there is
no need to discuss these separately in this thesis. With regard to the catalysts application, an
ex-situ characterization anyhow makes more sense, since the transport of the prepared electrodes
to the electrolyzer without being in contact to air is not practicable and therefore the carbon
contamination also have to be considered in a real system.
6.1 Electrochemical cell
The electrochemical characterization was performed using the potentiostat ZENNIUM supplied
by Zahner-Electrik GmbH Co.KG. The Zennium workstation can operate in galvanostatic and
potentiostatic mode and is equipped with a frequency response analyzer with a frequency range up
to 4 MHz at ± 2.5 A respectively 10 V. The electrochemical cell (kit PECC-2, Zahner) is equipped
with a gas in-/outlet, a channel for the reference electrode, a Pt wire as counter electrode and
a working electrode holder. Figure 6.1 shows the schematic drawing of the electrochemical cells
front side and the working electrode assembly on the backside.
The working electrode is mounted between the insulating PTFE holder and the conducting metal
plate, which are fixed by 6 screws. The volume of the electrolyte chamber is 7.2 cm3 and the active
area of the working electrode (0.5 cm2) is defined by the 8 mm diameter of the O-ring, which seals
its connection to the PTFE plate. All measurements shown in this thesis were conducted in a
three electrode setup using either 0.1 M KOH or 1 M KOH as an electrolyte.
PTFE plate  
metal plate 
O-ring 
Figure 6.1. Technical drawing of the electrochemical test cells (PECC-2) front side and the working electrode assembly.
The technikal drawing is taken from the Zahner manual.
As reference electrodes a 3 M Ag/AgCl electrode (0.205 V vs. SHE) was used for the electro-
chemical characterization in 0.1 M KOH and a 1 M Hg/HgO electrode was used in 1 M KOH.
The potentials of the reference electrodes were verified before each measurement against a RHE
electrode. The XPS measurements of the electrochemical tested samples were performed right
after dismounting the sample.
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6.2 Potentiostat and operation mode
Operating in a three electrode mode makes the exact determination of the investigated half cell
reaction, the oxygen evolution reaction, possible. The potential has to be measured relative to the
reference electrode, which is placed at a distance of 1.1 cm to the working electrode. Figure 6.2
gives a schematic illustration of the circuit diagram of a three electrode setup. The working
electrode W represents the electrode to be examined and the counter electrode C is used to close
the current circuit.
W C 
R 
A R U 
Figure 6.2. Circuit diagram of the three electrode setup including the reference electrode (R), the working electrode (W)
and the counter electrode (C).
Since the current flows between W and C, the total surface area of C must be higher than the
area of W so that the hydrogen evolution reaction does not become the limiting reaction. The
current flow through the reference electrode is kept ideally to zero to guarantee a constant potential.
The potential difference Uis is measured between R and W and will be adjusted to be equal to
the user specified potential Uset by applying a matching current. The experimentally determined
potentials were given versus the standard hydrogen electrode. For a better comparability, all
potentials were converted into the potential versus reversible hydrogen electrode (RHE) using
Equation 6.1.
E = EExp,NHE + 0.059 ∗ pH (6.1)
6.3 Determination of the electrolyte resistance
To correct the electrochemical data to the electrolyte resistance, electrochemical impedance spectra
(EIS) were recorded in a frequency range between 20 kHz to 20 Hz at OCP. The electrochemical
impedance is measured by applying an AC (alternating current) potential to an electrochemical
cell to determine the AC current response. In general, an electrochemical cell does not behave like
a linear system, in which the output signal is simply the superposition of the systems responses to
each input signal. But in case of small excitations, the pseudo linear response of an electrochemical
cell can be described analog to the impedance of linear systems. The excitation signal is described
as a sinusoidal function (Equation 6.2) where Et is the potential at time t, E0 the amplitude of
the signal and ω the frequency.
Et = E0 ∗ sin(ωt) (6.2)
The response signal which is shifted in phase φ results as
It = I0 ∗ sin(ωt+ φ) (6.3)
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The impedance of a non-linear system is described as a complex number Z(ω), which composes of
a real part and an imaginary part. (Equation 6.4)
Z(ω) = Z0(cosφ+ isinφ) (6.4)
Z(ω) is represented graphically in a Nyquist Plot by plotting the real part on the X-axis and the
imaginary part on the Y-axis. Figure 6.3 a) shows the simple equivalent circuit corresponding to
the Nyquist plot illustrated in Figure 6.3 b). Whereas the electrode in the equivalent circuit is
described by a parallel circuit of a capacitor C and a non-ohmic resistance R, the ohmic electrolyte
resistance RE is connected in series. At frequencies larger than 1 kHz, the contribution of C and
R become negligible and the AC current flowing through the cell is determined by RE. In the
Nyquist plot of diluted acids and alkalies, RE is derived from the high frequency intersection of
the curve with the X-axis.
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Figure 6.3. a) Simple equivalent circuit of an electrode in a device considering the electrolyte resistance RE, the charge
transfer resistance R and the double layer capacity C. b) Nyquist plot with impedance vector.
The specific conductivity σm and the molar conductivity Λ0 can be calculated from the
measured serial resistance by Equation 6.5. The geometric factor Γ of the Zahner cells geometry
is 0.756 cm−1 for an active area of 0.5 cm2.
σm = Γ ∗ 1
RE
; Λ0 =
σm
c
(6.5)
Values for the specific and the molar conductivities of various electrolytes are reported in
literature. [24,93] While 1 M KOH for example has a molar conductivity of 184 S*cm2/mol, 0.1 M
KOH has a molar conductivity of 213 S*cm2/mol. [93]
6.4 Determination of the catalytic activity and stability
In order to compare the activity of the various catalysts with each other, the overpotentials at
a current densities of 2 mA/cm2, 5 mA/cm2 and 10 mA/cm2 were extracted from the cyclic
voltammogram and used as a descriptor for the activity. Additionally, Tafel slopes of promising
catalysts were determined by recording linear sweep voltammograms with a scan rate of 1 mV/s.
To evaluate the stability of the catalysts, either a potentiostatic scan (PS) or galvanostatic scan
(GS) was performed. While the galvanostatic scans were always performed at a current density of
10 mA/cm2, the operating potential of the potentiostatic scan was determined from the respective
CV. The potential at 10 mA/cm2 was chosen as the operating potential. The GS and the PS
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determined for each system was then fitted linearly, the slope defines the degree of degradation in
mA/cm2s or V/s. Since the stability test was carried out for a maximum of 30 min, one can only
speak here from the investigation of a short-time stability.
6.5 Materials
0.1 M KOH Carl Roth GmbH + Co. KG, Standard solution 0.1 M± 0.2 %
1 M KOH Carl Roth GmbH + Co. KG, Standard solution 1 M± 0.1 %
0.5 M H2SO4 Carl Roth GmbH + Co. KG, Standard solution 0.5 M± 0.2 %
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Part III
Results and discussion
The result section deals first with the establishment of a demand profile for the OER
catalysts in Chapter 7. Commercially available IrO2 and RuO2 electrodes were defined
as a standard reference since these are known to be the most active OER catalysts. [94]
Second, the preparation and characterization of single metal oxide catalysts is discussed. In
this context, the optimization of the PECVD deposition process as well as the influence of
various deposition parameters like the substrate temperature, the operation mode (thermal vs.
plasma) and the type of reactive gas (oxygen vs. air) on the electronic structure, composition
and the resulting electrochemical activity of the catalysts is described.
A milestone of this thesis presents the results on the change of oxidation state during OER. By
measuring XPS before and after the electrochemical characterization, a correlation between
the oxidation state and the activity was found. Chapter 9 compares the detailed XPS studies
of thermally deposited th CoOx, plasma deposited pl CoOx and pl CoOx(OH)y and points
out the positive influence of a hydroxylated surface on the resulting electrochemical activity.
The promoting effect of hydroxide moieties could also be detected for NiOx(OH)y.
Beside the deposition of single metal oxide catalysts, an attempt was made to prepare
bimetallic CoMOx and CoMOx(OH)y (M= Fe, Ni, Cu) catalyst films by PECVD (Chapter
10). The effect of the second metal on the electronic structure and the activity was studied
by measuring XPS from the initial deposited catalyst films and after the electrochemical
characterization.
Finally, Chapter 11 presents a summary and conclusion of the results part.
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7. IrO2 and RuO2 as standard catalysts: Generation of a demand profile
The standard reference catalysts IrO2 and RuO2 deposited onto titanium were purchased by
Metakem with a load of 15 g/m2. According to the testimony of Metakem, the electrodes are
prepared in a special ink procedure with TiO2 as a binder. The XPS survey scans proof the purity
of the electrodes. It was exclusively oxygen, titanium, carbon and the respective noble metal
iridium and ruthenium detectable (Figure 7.1).
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Figure 7.1. XPS survey scans of the standard reference samples IrO2/Ti and RuO2/Ti films purchased by Metakem.
The reference catalysts were electrochemically characterized in 0.1 M KOH and in 0.5 M
H2SO4. The Nyquist plots resulting from the electrochemical impedance measurements are shown
in Figure 7.2. An electrolyte resistance of 5.23 Ohm and 5.36 Ohm is determined from the Nyquist
plots for H2SO4 using IrO2/Ti and RuO2/Ti as a working electrode. The conductivity of 0.1 M
KOH is lower compared to 0.5 M H2SO4, an electrolyte resistance of 29.2 Ohm is found using
IrO2/Ti and 29.75 Ohm using RuO2/Ti as working electrode.
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Figure 7.2. Nyquist plots recorded for IrO2/Ti and RuO2 in a) 0.5 M H2SO4 and b) 0.1 M KOH.
From the Nyquist plots one can assume that there are also other resistance contributions
like e.g. electronic resistances. But due to the complexity of the undefined catalyst systems
which are investigated, EIS was only used to determine the IR drop. The measured values
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for the electrolyte resistances are in good agreement with the ones reported by Ziegler et al.
They reported an IR drop of 5.6 Ohm for 0.5 M H2SO4 using a platinum foil as a working
electrode. [95]. Typically, the specific and molar conductivities that can be calculated from the
series resistance (Chapter 6.3) are listed in literature as standard. Table 7.1 lists the with EIS
measured series resistances using IrO2 as a working electrode for 0.5 M H2SO4 and 0.1 M KOH
as well as the calculated specific and molar conductivities. In literature, a molar conductivity of
213 S/cm2*mol is reported for 0.1 M KOH and of 44 S/cm2*mol for H2SO4. [93,96] The comparison
of the measured values with literature shows a good agreement in view of the complex cell geometry.
Table 7.1. Series electrolyte resistance RE measured by EIS as well as the calculated specific and molar conductivities
σm and Λ reported for 0.5 M H2SO4 and 0.1 M KOH. The distance between the working electrode and the reference
electrode is about 1 cm.
Electrolyte RE σm Λ ΛLit
[Ohm] [S/cm] [S/cm2*mol] [S/cm2*mol]
0.5 M H2SO4 5.2± 0.2 Ohm 0.145 29 44
0.1 M KOH 29.2± 0.5 Ohm 0.026 260 213
Figure 7.3 shows the cyclic voltammograms of IrO2/Ti and RuO2/Ti recorded in 0.5 M H2SO4
and 0.1 M KOH with a scan rate of 10 mV/s. IrO2 requires an overpotential of only 0.23 V to
archive a current density of 10 mA/cm2 in 0.5 M H2SO4, while RuO2 needs an overpotential of
0.28 V. The difference in activity is not as pronounced in alkaline conditions. Both catalysts need
about 0.31 V at 10 mA/cm2. In fact, the results show that the commercially available electrodes
exhibit a good activity.
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Figure 7.3. Cyclic voltammograms of IrO2/Ti and RuO2/Ti recorded in a) 0.5 M H2SO4 and b) 0.1 M KOH.
Papazisi et al. found a comparable activity for unsupported IrO2/GC prepared by the Adams
fusion method. [97] An overpotential of 0.259 V can be extracted from the linear sweep voltammo-
gram at a current density of 10 mA/cm2 recorded in 0.5 M H2SO4. [97] Higher overpotentials of
0.48 V and 0.45 V were found in 0.1 M KOH for defined IrO2 and RuO2 nanoparticles of 6 nm
size by Lee et al. [94] Figure 7.4 shows the galvanostatic scans of IrO2 and RuO2, which were
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performed at 40 A/g in 0.5 M H2SO4 and 0.1 M KOH. In addition, IrO2 was galvanostatically
conditioned at 10 A/g in 0.5 M H2SO4. As already seen from the cyclic voltammograms, the
performance of both, IrO2 and RuO2 is better in 0.5 M H2SO4 than in 0.1 M KOH. Higher
potentials are required to generate 40 A/g in 0.1 M KOH. The degradation slopes, however, are
all in the same order of magnitude (10 −5 V/s) at 40 A/g. Although the differences in stability
are not very pronounced, IrO2 seems to be slightly more stable in 0.5 M H2SO4, while RuO2
showed a better stability in 0.1 M KOH. An even lower degradation slope of 8.4*10−6 V/s is found
at a current of 10 A/g, which corresponds to the area specific current density of 15 mA/cm2.
A comparison with literature data is difficult since the test conditions vary often considerably.
Nevertheless it should be mentioned, that Maljusch et al. investigated the degradation behavior
of a model IrO2 catalysts in 0.1 M KOH at a current density of 10 mA/cm
2. They observed a
degradation slope of 2.151± 0.039 mV/h (5.972*10−7 ± 1.08*10−8 V/s) from the galvanostatic
scans performed at 10 mA/cm2. [98]
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Figure 7.4. Galvanoststic scans of IrO2 and RuO2 recorded at 40 A/g in a) 0.5 M H2SO4 and b) 0.1 M KOH. c)
Galvanoststic scan of IrO2 recorded at 10 A/g in 0.5 M H2SO4.
Typical SEM micrographs of IrO2/Ti at two magnifications are shown in Figure 7.5. The
micrographs reveal a porous and amorphous structure, there were no particle agglomerates
detectable. The porosity of the electrode’s surface has to be taken into account when comparing
the electrochemical activities.
Figure 7.5. SEM images of the IrO2/Ti electrode recorded after the electrochemical characterization.
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Porous electrodes have the advantage of a high active surface area over thin films. For sure, IrO2
and RuO2 are highly active OER catalysts but 1 kg of Ir is with a price of 20390.99 e/kg about
886 times more expensive than a 1 kg of cobalt, which costs 23.97 e/kg. Ru costs 1294.56 e/kg
and is about 54 times more expensive than 1 kg of Co. [99] Therefore there is an economical
interest to find active and stable non-noble catalysts, which make the process of water electrolysis
more beneficial.
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8. Preparation and characterization of the single metal oxide catalysts
In this Chapter, the preparation of the pure metal oxides CoOx, NiOx, FeOx, as well as of
CoOx(OH)y and NiOx(OH)y is discussed. Since the development and construction of the CVD
system was part of the research, the instrument-based details are discussed in combination with
the optimization of the setup in Chapter 8.1. This Chapter particularly focuses on the initial
challenges concerning the reproducibility of the catalysts and the different implemented solutions.
Chapter 8.2 shows the thermogravimetric investigation of the precursor materials Co(acac)3,
Fe(acac)3, Ni(acac)2 and Cu(acac)2. The variation of various deposition parameters like the choice
of the reactive gas, the substrate temperature, the deposition time and their influence on the
structure, the electronic state, the morphology and the layer thickness of the catalysts are then
discussed in Chapter 8.3 and Chapter 8.4. Especially the choice of the operation mode and the
reactive gas were found to have a high impact on the structure and therefore on the oxidation state.
Finally, the electrochemical activity of the as deposited catalysts is investigated in Chapter 8.5
and the influence of the deposition parameters on the activity is established.
8.1 Installation and optimization of the PECVD setup
8.1.1 First step of optimization: Change of the precursor opening valve
Figure 8.1 shows the first draft of the home build CVD system.
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Figure 8.1. Schematic illustration of the CVD system, setup A.
A full description of the optimized PECVD setup was already given in the experimental part
(Chapter 4.4). In contrast to the optimized setup, the gas inlet system, which is built of vacuum
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fittings, has only one precursor inlet line. Due to the experience made in our group, that the line
clocks easily when a solid precursor is used in the CVD process, the inlet system was designed
with an inner diameter of 1/2”. In the following discussion, the described setup is denoted as
setup A.
First of all, the number of depositions, which can be performed with one precursor filling, was
investigated. The precursor filling of 0.215 g was reduced to 0.1 g after depositing four samples
thermally with a deposition time of 5 min (S3), 5 min (S4), 10 min (S5) and 10 min (S6) onto
titanium using a precursor temperature of 190 C˚. As a conclusion, the precursor filling of 0.2 g is
sufficient for a total deposition time of 40 min. Second, the reproducibility of the deposited layer
thicknesses was investigated for the plasma enhanced mode. For this purpose, the deposition of
sample S13, S14 and S17 was carried out multiple times. Figure 8.2 shows, that the resulting
atomic concentrations of Ti vary strongly in dependence on the number of deposition for one
parameter set. In case of sample S14 for example, a titanium signal of 0 % for the first attempt,
of 31.6 % for the second and of 11.3 % for the third attempt is observed.
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Figure 8.2. Atomic concentration of the substrate Ti 2p signal plotted versus the number of accomplished depositions of
sample S13, S14 and S17 using setup A. The deposition conditions are given in the legend in the following sequence:
TSub-TPrec-fAr/fO2 -tDep.
The lack in reproducibility was attributed to a missing limitation of the evaporating precursor
flow by the 1/2 ” valve. If the valve opening is small enough, the precursor flow introduced to the
chamber is only limited by the valve opening itself and it is not dominated by the vapor pressure
within the crucible. Another problem which was identified is, that the precursor powder was
sucked into the reaction chamber when the vacuum pump was switched on even if the valve of the
pump was carefully opened. As a consequence, the 1/2 ” valve was exchanged in a 1/4” valve.
Figure 8.3 shows the successful PECVD deposition of CoOx onto silicon using setup B for two
different inlet-to-substrate distances d, 12.4 cm and 10 cm. While in Figure 8.3 a the atomic
concentration of Si is plotted versus the deposition time, Figure 8.3 b presents the calculated layer
thickness of CoOx. Using an inlet-to-substrate distance of 12.4 cm, pl CoOx can be deposited
onto Si in a controllable manner, the layer thickness increases with deposition time. The layer
thickness does not increase with the deposition time when an inlet-to-substrate distance of 10 cm
is set.
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Figure 8.3. a) Atomic concentration of Si plotted versus the deposition time for inlet-to-substrate distance of 10 cm
and 12.4 cm. b) Plot of the calculated layer thickness of CoOx/Si versus deposition time prepared using setup B. The
preparation parameters are given in the titles in the following sequence: TSub-TPrec-fAr/fO2 .
The determined deposition rate is approximately constant with a value of 6*10−4 A˚ /min.
This phenomenon can be related to a plasma induced desorption, with the adsorption rate being
equal to the desorption rate of CoOx. The closer the substrate is positioned at the plasma, the
more collisions it will be exposed to. By enlarging the inlet-to-substrate distance to 12.4 cm,
a deposition rate of 1 A˚/min is realized in the coverage regime between 0 - 10 A˚, in which the
evaporated CoOx is deposited onto the Si/SiO2 surface. Above a coverage of 10 A˚, the layer
growth proceeds with a rate of 3.1 A˚/min since the adsorption of evaporated CoOx onto the
deposited CoOx surface is preferred. Figure 8.4 compares the SEM images of CoOx/Si using a
deposition time of 20 min and an inlet-to-substrate distance of 10 cm and 12.4 cm.
Figure 8.4. SEM pictures of 20 min PECVD deposited CoOx/Si using setup B with an inlet-to-substrate distance of
10 cm (left) and of 12.4 cm (right).
The reason for choosing Si as a substrate was, that the morphological differences can be better
investigated since the surface of Si is smooth and it shows a better elemental contrast to Co
compared to Ti. The SEM image of CoOx/Si deposited using a inlet-to substrate distance of
10 cm is characterized by a broad distribution of agglomerates consisting of particles with a size
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between 88 to 130 nm. However, when depositing CoOx/Si with the same parameter set at a
distance of 12.4 cm a homogeneous layer with no agglomerates is observed. It can be summarized
that the installed PECVD setup B provides the possibility to deposit reproducible thin CoOx
films, when using an inlet-to-substrate distance of 12.4 cm and the 1/4” valve.
8.1.2 Upgrade to three precursor sources
With respect to the later goal of depositing binary and ternary catalyst systems, two more
precursor sources had to be installed. Analog to the 1/4” precursor line of setup B (V1), two
additional inlet lines were set up as simple evaporation sources without a carrier gas supply.
Figure 8.5 shows a schematic illustration of the modified gas inlet system, which is denoted as
setup C.
V1 
Gas supply 
SETUP C 
V3 
V2 
Figure 8.5. Modification of the gas inlet system, installation of two additional precursor sources equipped with 1/4”
valves V2 and V3.
First experiments for the deposition of bimetallic CoNiOx films were carried in setup C using
Co(acac)3 and Ni(acac)2 as precursors, precursor temperatures of 180 C˚, an argon and oxygen
flow of 200 sccm and Ti-foil as a substrate. Unfortunately it turned out, that the amount of nickel
in CoNiOx could not be controlled only by the evaporation temperature. Figure 8.6 a plots the
resulting different atomic concentrations of cobalt and nickel in CoNiOx with increasing deposition
time. Although the evaporation temperatures of cobalt and nickel, as well as the argon and oxygen
flows were kept constant, the stoichiometric composition differs. Figure 8.6 b compares the result-
ing nickel content in dependence on the Ni precursor temperature for a deposition time of 20 min
(samples CoNi4 and CoNi5) and of 15 min (samples CoNi8 and CoNi9). One would expect that
with increasing precursor temperature, the nickel content increases. This was not observed. Indeed,
the highest Ni content was realized with a precursor temperature of 170 C˚ but pure NiOx could not
be successfully deposited by evaporation using a precursor temperature between 170- 180 C˚. Never-
theless, all samples were electrochemically tested and the results are discussed within Chapter 10.3.
In order to have an improved control over the secondary metal sources, the respective supply lines
were equipped retrospectively with carrier gas supplies. The schematic illustration of the final
PECVD system (Setup D) was already shown in Figure 4.4 in the experimental section Chapter 4.4.
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Figure 8.6. a) Comparison of pl CoNiOx films deposited at TSub=230˚ C and tDep=7 min (CoNi1), TSub=260˚ C
and tDep=10 (CoNi2), TSub=260˚ C and tDep=20 min (CoNi3) using setup C. The remaining parameters are given
in the title in the following sequence: TPrec,Co-TPrec,Ni-fAr/fO2 . b) Deposition of pl CoNiOx films varying TPrec,Ni
at tDep=20 min (CoNi4 and CoNi5) and tDep=15 min (CoNi8 and CoNi9). The title lists the following deposition
parameters: TSub-TPrec,Co-fAr/fO2
Finally it should be noted, that it turned out to be difficult to ensure a certain degree of
comparability while establishing the PECVD system, since the setup had to be modified several
times. In addition, the deposition control itself was not satisfying. Many experiments failed due
to clogging of the precursor inlet pipes and plasma breakdowns. Especially the coupling of an
inductive plasma operating with a planar coil in the pressure regime between 1*10−3- 1*10−2 mbar
was difficult to realize. Many times, the plasma was breaking down due to various technical issues,
which are not further discussed here.
8.2 Thermogravimetric and XPS investigation of the precursor materials
Metal acetylacetonates are commonly used as precursors in chemical vapor deposition processes
since they are stable in air and readily soluble in organic solvents. Metal acetylacetonates are
complexes where the metal is coordinated by two oxygen atoms to form a chelate ring. The
chemical structure of the acetlyacetonate ligand is illustrated in Figure 8.7.
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Figure 8.7. Chemical structure of the acetylacetonate ligand.
The chemical composition and purity of all precursor powders were verified with XPS. Figure
8.8 compares the survey scans of Cu(acac)2, Ni(acac)2, Co(acac)3 and Fe(acac)3. The survey
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scans confirm, that the precursor powders are of high purity. Beside the XPS signals originating
from the indium foil, which was used as a substrate, only the specific transition metal, carbon and
oxygen were detectable. All spectra were calibrated to the C 1s peak of C-C/C-H species located
at a binding energy of 284.8 eV and the O 1s spectra were calibrated to the O 1s peak of In-O at
530 eV. With regard to the chemical structure of the acetylacetonate ligand, one would expect
three C 1s peaks according to C-H/C-C, C-O, C=O and three O 1s peaks representing C=O,C-O
and M-O in XPS. Depending on the chemical environment, literature reports a certain binding
energy range for each carbon functionality. Widely agreed, the C-C bond is reported at a binding
energy of 284.8 eV and the C-H bond at a binding energy of 285.7 eV. [100] Ether type oxygen
(C-O) is reported to have a binding energy between 286.5 eV to 286.8 eV in polymers, at 287.6 eV
in Pt(acac)2-loaded PAA nanofibers and at 286.4 eV in cobalt hydroxy carbonate. Carbonyl
oxygen (C=O) is typically located at higher binding energies of 287.7- 287.9 eV in polymers,
288.6 eV in Pt(acac)2-loaded nanofibers and at 288.0 eV in cobalt hydroxy carbonate. [100–102]
Han et al. reported the C 1s spectrum of Co(acac)3. They observed three C 1s peaks located
at a binding energy of 284.8 eV, 286.5 eV and 288.8, which are assigned to C-C, C-O and C=O
moieties. [103]
The deconvolution of the C 1s spectra of Co(acac)3 (black) and Cu(acac)2 (blue) is shown in
Figure 8.8. Both C 1s spectra exhibit two predominant peaks, a major peak at 284.8 eV due to
C-H/C-C bonds and a less intense peak, which is located at a binding energy of 287.0 eV in case
of Co(acac)3 and at a binding energy of 287.7 eV in case of Cu(acac)3. The less intense C 1s peak
represents a superposition of two peaks attributed to C-O and C=O species. The O 1s spectra of
Co(acac)3 (black) and Cu(acac)2 (blue) confirm the presence of C-O moieties by the O 1s peak at
a binding energy of 532.4 eV, which is close to the binding energy of 532.7 eV reported for C-O
species in Co(acac)3 by Han et al. The O 1s peak representing C=O species is not as predominant
in the spectrum of Co(acac)3 as for Cu(acac)2. The O 1s line of Cu(acac)2 identifies C=O by an
additional feature at 531.4 eV.
Although Ni and Fe are also coordinated by acetylacetonate ligands, the C 1s spectra of Ni(acac)2
(red) and Fe(acac)3 (magenta) differ from the one of Co(acac)3 and Cu(acac)2. The C 1s lines
comprise of three peaks with similar intensity located at 284.8 eV, 286.6 eV and 288.9 eV in case
of Ni(acac)2 and at 284.8 eV, 286.9 eV and 288.9 eV in case of Fe(acac)3. These C 1s features are
mainly attributed to the presence of C-C/C-H, C-O and C=O moieties but also the presence of
carboxylate moieties have to be considered. The associated O 1s lines identify the presence of
carboxylate moieties by the peak at a binding energy of 534 eV. The more pronounced C=O peak
in the C 1s spectra as well as the increased amount of carboxylate moieties indicate, that the
Ni(acac)2 and Fe(acac)3 precursors are partly decomposed. The appearance of the C=O feature
may be attributed to a decreased delocalisation of the electrons in the chelate system due to the
decomposition into carboxylate. It has to be mentioned, that the precursor powders were not
stored under inert atmosphere. They have been exposed to air for at least three months before the
XPS characterization was carried out, since this represents the time period in which the powder
was typically depleted. It can be concluded, that although the Co(acac)3 and Cu(acac)2 are less
air sensitive than Ni(acac)2 and Fe(acac)3, none of the precursors is fully decomposed and all of
them can still be used. An advantage of the metal chelats is that they are often more volatile than
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the inorganic derivate (e.g. metal chlorides) of the same metal but not as toxic as organometallic
compounds in which the metal center is coordinated by carbon atoms. [104]
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Figure 8.8. XPS characterization of Cu(acac)2 (blue), Ni(acac)2 (red), Co(acac)3 (black) and Fe(acac)3 (magenta)
including a survey scan and detail spectra of the C 1s and O 1s region. All spectra are calibrated to the C 1s peak at
284.8 eV.
The evaporation temperature of the precursor material is one of the main parameters, which
determines the success of the deposition. In ideal case, the precursor is evaporated without decom-
posing.mTherefore, the evaporation process of the precursors was studied using thermogravimetric
analysis (TGA) in combination with differential thermal analysis (DTA).
While TG detects the mass loss as a function of temperature, the DT registers material changes
like crystallization and melting by measuring the temperature difference with respect to the
reference sample. The weight loss curves give information on the thermal stability of the precursor
and the starting temperature of the evaporation process can be determined. From TGA theory,
a linear mass loss is expected for a simple one step evaporation whereby no residuals should
remain. [105] Figure 8.9 presents the thermograms, recorded in a non-isothermal mode, of all
characterized precursor materials: Co(acac)3, Ni(acac)2, Fe(acac)3 and Cu(acac)2. Co(acac)3,
Ni(acac)2, and Fe(acac)3 are found to evaporate in a multi step process leaving residual masses of
21 %, 25.5 % and 18 %. The different evaporation steps are observed most clearly in the TG-DTA
curve of Ni(acac)2 (Figure 8.9 b), where each mass loss is followed by an isothermal plateau and
confirmed by an endothermal peak in the DTA. Siddiqi et al. reported in agreement with our
findings a three step evaporation for Ni(acac)3 leaving a residual mass of 23.4 %. [105] The first
mass loss in the TG of Ni(acac)2 of 14.39 % correspond to the molar mass of two water molecules,
what identifies the formation of hydrates due to the air sensitivity. It was reported earlier, that
anhydrous Ni(acac)2 tends to form hydrates. Hereby each Ni(acac)2 forms an octahedral complex
with two water molecules. [106] Only the thermogram of Cu(acac)2 shows a linear mass loss with
a small residual mass of 6.7 %. In general, the presence of a residual mass and a non linear
curve indicate that the evaporation process is accompanied by decomposition reactions. It can be
concluded, that the precursors are not thermally stable in the complete temperature range from
25 C˚ to 700 C˚. Also the in literature reported TGA investigations of Co(acac)3, Fe(acac)3 and
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Cu(acac)2 indicate that the precursors thermally decompose during evaporation. [105,107] Since
the precursor should ideally be evaporated without decomposition, an evaporation temperature
was chosen from the regime where the sublimation just started, as marked in the figures.
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Figure 8.9. TG (black) and DT (red) curves of a) Co(acac)3, b) Ni(acac)2, c) Fe(acac)3 and d) Cu(acac)2. The DT
curve is plotted as arbitrary units in the diagrams.
8.3 Deposition of CoOx and CoOx(OH)y films
Although it is known from literature, that binary catalysts like CoNiOx and NiFeOx are more
active than the pure metal oxides, we first start to investigate the electrochemical properties
and the electronic structure of the pure cobalt catalysts in detail. This is important due to the
complexity of the mixed metal oxides XPS spectra for assigning the spectral features. Even more
important is the expectation that it provides the basis to understand the influence of a second
metal like Ni and Fe on the electrochemical behavior of a CoOx and CoOx(OH)y catalyst.
8.3.1 Decomposition of Co(Acac)3 and the resulting chemical composition
8.3.1.1 Thermal operation mode
Although the final goal is to develop a low temperature PECVD process, the thermal deposition of
CoOx/Ti was investigated first since the process is commonly known and well studied. Table 8.1
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summarizes the various deposition parameters of the thermal CVD deposited CoOx/Ti samples.
As a starting point, the first deposition (CoOx/Ti-S3) was performed choosing a precursor
temperature of 190 C˚, a deposition time of 5 min and an argon/air ratio of 0.5.
Table 8.1. Preparation parameters of the first experimental set of thermal deposited CoOx/Ti using setup B.
Sample TSub TPrec tDep fAr fO2 fAir pproc d
[˚ C] [˚ C] [min] [sccm] [sccm] [sccm] [mtorr] [cm]
S3 250 190 5 50 0 100 753 3,1
S4 350 190 5 50 0 100 - 3.1
S5 350 190 10 50 0 100 950 3.1
S6 350 190 10 50 100 0 1000 3.1
S7 350 190 10 100 100 0 1300 4.3
S8 380 195 10 100 100 0 1100 2
S9 430 195 10 100 100 0 860 2
S10 430 195 10 150 150 0 1000 2
As a first variation the substrate temperature was increased from 250 C˚ (CoOx/Ti-S3) to
350 C˚ (CoOx/Ti-S4) and the deposition time was set to 10 min in case of sample CoOx/Ti-S5.
Figure 8.10 a visualizes the resulting percentage shares of Co, O, C and Ti in the as deposited
samples CoOx/Ti-S3- S5. Neither increasing the substrate temperature, nor the extension of the
deposition time led to an increase in the layer thickness of CoOx. The lowered titanium concen-
tration could be attributed to increased carbon contamination within the deposited layers arising
from the incomplete decomposition of the precursor material due to an insufficient low substrate
temperature. To realize a complete decomposition of the precursor, oxygen was introduced as
a reactive gas with an argon/oxygen ratio of 0.5 to deposit sample CoOx/Ti-S6. The carbon
content of CoOx/Ti-S6 was reduced to 20.7 % by using oxygen as a reactive gas. In comparison,
the CoOx/Ti-S5 film, which was deposited using air as a reactive gas showed a carbon content of
71.4 %. To enable an inductive plasma discharge in the here presented PECVD setup, a minimum
argon/oxygen ratio of 1 was found to be required. Therefore, the argon/oxygen ratio of 1 was
investigated depositing sample CoOx/Ti-S7. The increase of the argon/oxygen ratio resulted in
an increase of the carbon content by 40.5 % compared to CoOx/Ti-S6. Finally, the presence of
carbon contaminations could be reduced by increasing the substrate temperature from 350 C˚
(CoOx/Ti-S7) to 430 C˚ (CoOx/Ti-S10), whereby in case of CoOx/Ti-S10 a cobalt concentration
of 23.4% was realized.
The C 1s detail spectra of CoOx/Ti-S4 and -S10, given in Figure 8.10 b, show both a main
signal at a binding energy of 284.8 eV, which is typically assigned to C-C bonded carbon. [102]
Besides the C-C bounded carbon, C-O and C=O bonds are identified at 286.2 eV and 287.8 eV
for CoOx/Ti-S4 and at 286.12 eV and 287.5 eV for CoOx/Ti-S10. In case of CoOx/Ti-S3 and
CoOx/Ti-S4, which were deposited using air as a reactive gas, a slight carbide formation was
detected by the appearance of an additional peak at a binding energy of 281.9 eV. But beside of
this, the C 1s spectra of the air deposited films agreed with the onces deposited with oxygen.
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Figure 8.10. a) Comparison of the percentages of various components (C, O, Co, Ti) of thermally deposited CoOx in
dependence on the preparation conditions. b) C 1s detail spectra of thermally deposited CoOx-S4 and CoOx-S10.
It has to be mentioned that since the samples are not in-situ transferred into the XPS system,
adventitious carbon will anyhow always be present. In summary these data show that clean and
defined CoOx layers can hardly be deposited in the temperature regime between 250-450 C w˚ith
the given equipment.
8.3.1.2 Plasma enhanced operation mode
Operating in plasma enhanced mode allows the use of lower substrate temperatures. While a
substrate temperature of 430 C˚ was needed to thermally deposit a Co content of 22.4 %, 34.3 %
were realized with a substrate temperature of only 180 C˚ operating in plasma enhanced mode.
With regard to the catalysts future application, the PECVD deposition process seems to be
suitable to deposit the catalyst directly onto a solar device at substrate temperatures between 150-
200 C˚. Table 8.2 summarizes the preparation parameters of the first experimental set of PECVD
using setup B. The resulting atomic concentrations of Co, O, C and Ti are plotted for selected
samples in Figure 8.11 a.
Table 8.2. Preparation parameters of selected CoOx/Ti samples of the first plasma-enhanced deposition experiments
using setup B and oxygen as reactive gas.
Sample TSub TPrec tDep fAr fO2 pproc d
[˚ C] [˚ C] [min] [sccm] [sccm] [mtorr] [cm]
S11 180 195 10 100 10 803 11.2
S12 200 195 10 100 100 890 10
S13 220 195 10 100 100 1200 10
S14 250 195 10 100 100 781 10
S14-2 250 195 10 100 100 1230 10
S15-2 300 195 10 100 100 1140 10
S13-2 220 195 10 100 100 1000 10
S37 230 180 10 200 100 1240 13.5
S38 230 180 40 200 100 1230 13.5
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The plasma induced decomposition of the acetylacetonate ligands using oxygen as a reactive
gas differs from the thermal decomposition. At first, the carbon content is overall lowered. It
varies between 10-25 % for plasma deposited CoOx/Ti when an argon/oxygen ratio of 1 was used
and between 35-45 % using an argon/oxygen ratio of 2. But the C 1s spectra of CoOx/Ti-S11
and CoOx/Ti-S37 (Figure 8.11 b) show an increased intensity of the C 1s peak representing
carbonyl type oxygen (C=O). While the C-C/C=O ratio in case of thermally decomposed CoOx
was between 2 and 6.4, the ratio of plasma decomposed CoOx varied between 1.3 to 2.9 using an
argon/oxygen ratio of 1. An even lower C-C/C=O ratio of 0.6 was found for the plasma induced
decomposition using an argon/oxygen ratio of 2. The different C-C/C=O ratios in the deposited
CoOx films indicate variations in the decomposition mechanism.
Beside the presence of ether (C-O) and ketone (C=O) type carbon, carboxylate moieties (O-C=O)
can be identified at a BE of 289.8 eV. The C 1s spectrum of CoOx/Ti-S37 shows even minor
chloride contamination arising from the etching procedure. [108] Dittmar et al. discussed the
microwave plasma enhanced decomposition of Co(acac)3 during the deposition of CoOx supported
on titanium. [18] By investigating the nature of the residual carbon using IR spectroscopy, they
also identified C=O species as a decomposition product. Moreover they found, that the carbon
content, including C=O and C-O species, decreases with increasing time of plasma treatment
applying a microwave power of 120 W, an oxygen flow of 20 sccm and a final pressure of 100 Pa. [18]
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Figure 8.11. a) Comparison of the atomic concentrations of C, O, Co, Ti of plasma deposited CoOx/Ti films in
dependence on the deposition parameters using setup D. b) C 1s detail spectra of PECVD deposited CoOx/Ti-S11 and
-S37.
While CoOx is deposited when oxygen is used as a reactive gas, the use of air as a reactive gas
results in the deposition of CoOx(OH)y films. Table 8.3 lists the various deposition parameters
of the PECVD deposited CoOx(OH)y films using air as a reactive gas. From the previous
experiments, a precursor temperature of 180 C˚ was found to be sufficient.
Figure 8.12 shows the resulting composition of the plasma deposited CoOx(OH)y films as well as
the according C 1s spectra of samples CoOx(OH)y-S56 and -S57 for comparison. The use of air as
a reactive gas results in a higher atomic concentration of carbon within the films. This indicates a
less effective oxidation of the acetylacetonate ligands compared to the case when oxygen is used as
reactive gas. Interestingly, the C 1s spectra of the CoOx(OH)y films show an increased presence
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of carbonyl groups and the C-C/C=O ratio varies in the range between 0.6 to 1.6, which is similar
to the one reported for PECVD deposited CoOx films using an argon/oxygen ratio of 2.
Table 8.3. Preparation parameters of selected samples of the first plasma-enhanced deposition experiments using setup
B and air as reactive gas. Except of sample S56, which was deposited onto Ni, Ti-foil was used as a substrate.
Sample TSub TPrec tDep fAr fAir pproc d
[˚ C] [˚ C] [min] [sccm] [sccm] [mtorr] [cm]
S33 230 180 2 200 200 - 13.5
S36-1 250 180 5 200 200 1380 13.5
S56 260 180 20 200 200 2300 13.5
S57 260 180 40 200 200 1230 13.5
Also the atomic concentration of oxygen in CoOx(OH)y films is comparable to the one reported
for PECVD deposited CoOx using an argon/oxygen ratio of 2. It varies between 38- 47 %. In
contrast, the PECVD deposited CoOx using an argon/oxygen ratio of 1 shows an increased oxygen
content of 48-53 %. It can be summarized, that the operating mode (thermal vs. plasma) as well
as the choice of the reactive gas has an high impact on the resulting composition of the deposited
material.
The following results presented in Chapter 8.3.3 will show, that not only the overall composition
is influenced by the operation mode and the choice of reactive gas but also the resulting electronic
structure. Hereafter the indices th and pl denote the operation mode applied for the deposition.
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Figure 8.12. a) Comparison of the percentages of C, O, Co and Ti of plasma deposited CoOx(OH)y films in dependence
on the deposition parameters using setup D. b) C 1s detail spectra of CoOx(OH)y films S57 and S56.
8.3.2 Determination of the deposition rate
As described in the experimental section, XPS was used as a main method to determine the layer
thickness. As part of the optimization of the PECVD setup, the deposition rate of pl CoOx on
silicon was already discussed in Chapter 8.1. Figure 8.13 a shows the layer thickness of pl CoOx/Ti
and pl CoOx(OH)y/Ti for different substrate temperatures. In case of pl CoOx, the increase of the
substrate temperature results in a decrease of the growth rate from 1.7 A˚/min (blue) to 1.0 A˚/min
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(black). The deposition of pl CoOx(OH)y shows an increased growth rate of 4.15 A˚/min. The
deposition rate of th CoOx is with 1.18 A˚/min in the same range as the growth rate of pl CoOx
deposited using a substrate temperature of 300 C˚ (Figure 8.13 b).
With respect to the different amount of carbon contaminations in dependence on the preparation
method, the layer thickness can not be determined accurately with XPS since the substrate signal
is not only suppressed by the pure metal oxide film but also by the carbon contaminations within
the film. The most accurately calculation of the layer thickness can be done for pl CoOx using an
Ar/O2 ratio of 1 for two reasons. On the one hand a specific structure type can be identified in
XPS as it will be discussed later. This makes the choice of an appropriate mean free path possible.
On the other hand the carbon content varies only between 10-20 % with respect to the overall
composition including Co, C, Ti and O. Figure 8.13 c and d show the atomic concentrations
of Co, Ti, and C as a function of time for pl CoOx and pl CoOx(OH)y. Especially in case of
pl CoOx(OH)y the atomic concentration of carbon within the film increases drastically with
increasing deposition time. The high degree of carbon impurities makes the accurate calculation
of the layer thickness in case of pl CoOx(OH)y impossible.
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Figure 8.13. a) Plot of the layer thickness as a function of time for pl CoOx/Ti and b) th CoOx. The preparation
parameters are given in the legend as the following TSub-TPrec-fN2 -fO2/Air. c) Plot of the atomic concentration of Co,
Ti, C versus time of pl CoOx and d) of pl CoOx(OH)y.
Since the nm-thick layers are very thin in relation to the µm roughness of the titanium
substrate, the use of a profilometer did not yield any meaningful results. Indeed the layer thickness
64
determination with XPS does not provide absolute values, but it can be used to make a rough
estimation and to compare differently deposited catalysts relative to each other.
8.3.3 XPS investigation of the electronic structure of films with δ > 10 nm
The investigation of the electronic structure of the catalyst’s surface is indispensable if one want
to find out how to optimize the catalysts electrochemical properties. The active site is on the
one hand strongly defined by the oxidation state itself and on the other hand by the morphology
and structure. XPS was used as a main method to determine the oxidation state and to identify
the active site. As described in the methodology (Chapter 5.3), the binding energy difference
between the position of the main line to its satellite reveals the oxidation state in case of cobalt.
Additional, the line shape contains information about the morphology and structure. In the O 1s
line for example a high binding energy feature is discussed to represent non-stoichiometric oxygen,
which would indicate a missing crystallinity. [89]
First of all, the electronic structure of catalyst films with a layer thickness of larger than 10 nm
are discussed to exclude an eventual influence of the substrate on the differently deposited catalyst
layers. Figure 8.14 compares the typical Co 2p3/2 lines of thermally and plasma deposited CoOx
films using oxygen as a reactive gas with the Co 2p3/2 line of plasma deposited CoOx(OH)y using
air as a reactive gas.
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Figure 8.14. Co 2p detail spectra of a) a thermally and b) a plasma deposited CoOx/Ti film using oxygen as a reactive
gas (samples th CoOx/Ti-S10 and pl CoOx/Ti-S13) and c) a plasma deposited film using air as a reactive gas (sample
pl CoOx/Ti-S57).
It is commonly known, that a high spin Co(II) compound exhibits an intense satellite band
in a distance of 6 eV to the main line whereas a low spin Co(III) material only shows a weak
satellite band in a distance of 10 eV. [87–89,109] On the basis of the satellite bands, the oxidation
states can be distinguished. In the Co 2p3/2 spectrum of th CoOx/Ti-S10, the main peak at a BE
of 780.0 eV and the presence of a satellite band at 786.5 eV identify the oxidation state Co(II)
in CoO. There is no satellite structure in a distance of 10 eV found, which would indicate the
presence of Co(III).
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In contrast to this, both satellites are clearly visible in the Co 2p3/2 spectrum of pl CoOx/Ti-
S13. The double peak feature and the presence of two satellites in the Co 2p3/2 line shape
indicate the formation of a spinel structure of Co3O4, in which both oxidation states, Co(II) and
Co(III), are present. [87, 89, 90] Similar to the line shape of th CoOx, the Co 2p3/2 spectrum
of pl CoOx(OH)y/Ti suggests Co(II) as the predominant oxidation state. But in contrast to
th CoOx/Ti, the Co 2p3/2 peak appears at a higher BE of 781.0 eV and the Co(II) satellite is
located at a distance of only 5.5 eV to the main peak. The binding energy difference of about 1 eV
with respect to the binding energy of th CoOx/Ti and the decreased binding energy difference
of the main peak to the satellite identifies the deposition of Co(OH)2 as main compound in
pl CoOx(OH)y/Ti. McIntyre et al. reported a binding energy of 780.0 eV for the Co 2p3/2 peak
of CoO and of 781.0 eV for the Co 2p3/2 peak of Co(OH)2. [87] In agreement with our results,
the binding energy difference between the main peak and the satellite structure is reported to be
5.5 eV for Co(OH)2 and between 6- 6.5 eV for CoO. [87,91] The Co(III) satellite, which is only of
weak intensity, indicates the coexistence of either Co3O4 or CoO(OH) in pl CoOx(OH)y/Ti.
To further clarify the electronic structure and to distinguish between Co(II) and Co(III), the
valence bands were recorded. Quiao et al. recorded spectra for Co3O4 and CoO and identified a
sharp valence band feature at about 1.3 eV as a characteristics for the presence of Co(III). [110] In
LiCoO2, this sharp feature is evident arising from Co 3d (t2g)
6 valence band electrons. Figure 8.15
shows that the Co(III)-feature is observed only in the valence band of oxygen plasma deposited
pl CoOx/Ti-S13. Since the Co 2p spectra of th CoOx/Ti-S10 and of pl CoOx(OH)y/Ti-S57
identify Co(II) as the oxidation state, no 3d(t2g)
6 feature is expected in their valence band spectra.
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Figure 8.15. Valence band spectra of a thermal deposited film th CoOx/Ti-S10, a plasma deposited film using oxygen
as a reactive gas pl CoOx/Ti-S13 and a plasma deposited film using air as a reactive gas pl CoOx/Ti-S57.
The associated O 1s spectra of the differently prepared cobalt oxides are presented in Figure 8.16.
All O 1s spectra show the low binding energy signal positioned between of 529.6 to 529.7 eV
representing the lattice metal bonded oxygen (M-O), which is in agreement with the binding
energy reported in literature for CoO, Co3O4 and Co(OH)2. [87, 89]
The high binding energy features differ from each other in dependence on the deposition method.
There are some disagreements concerning the origin of the high binding energy feature (HBE) in
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the O 1s region of metal oxides. On the one hand the HBE feature of in air exposed pl CoOx is
attributed to a hydroxylation of the surface since the O 1s peak of bulk Co(OH)2 is located at
around 531.2 eV. [89, 90] On the other hand, it is ascribed to oxygen defects due to a missing
stoichiometry. [89,90] Concerning the studies from Petitto et al. who reported XPS spectra of the
Co 2p and O 1s regions of UHV-cleaved Co3O4 and CoO crystals in comparison with XPS spectra
after oxygen annealing, the hypothesis of assigning the HBE feature to oxygen defects makes
sense. [90] If the HBE feature could only be related to a hydroxylation, one would not expect the
increase of the HBE feature by annealing an UHV-cleaved crystal in pure oxygen atmosphere.
Applying HREELS, they could also confirm the absence of hydroxide groups. Supporting their
hypothesis, an additional phonon structure could be detected which indicated a lower symmetry
of the thin film surface. In case of the here reported CVD/PECVD prepared thin film catalysts,
the interpretation of the HBE feature becomes even more complex due to the presence of carbon
contaminations. The C 1s spectra of all catalysts exhibit ether- and keton-type oxygen (C-O) and
carbonyl oxygen (C=O), which are positioned in the O 1s spectrum in the binding energy range
between 532.0 to 533.5 eV. Therefore, the HBE feature represents a superposition of two peak fits,
one located at around 532.0 eV due to the carbon contamination and another at a binding energy
of 531.6 eV, representing metal hydroxide species. Han et al. reported the O 1s peaks attributed
to C=O and C-O in Co(acac)3 at 531.3 eV and 532.7 eV. [103] Using an O 1s line fit representing
the C-O species, the amount of hydroxide could be determined as described in the experimental
part (Chapter 5.5). In the following discussion, the calculated area of the HBE feature represents
only the amount of hydroxide since the C-O contributions are considered by the C-O fit.
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Figure 8.16. O 1s detail spectra of a) a thermally and b) a plasma deposited CoOx/Ti film using oxygen as a
reactive gas (Samples th CoOx/Ti-S10 and pl CoOx/Ti-S13) and c) a plasma deposited film using air as a reactive gas
pl CoOx(OH)y/Ti-S57.
The O 1s spectrum of th CoOx/Ti shows an additional O 1s feature at 533.8 eV, which is
typically assigned to carboxyl and ester moieties as well as to adsorbed water. [90,101,103,111]
In comparison to the thermal deposition, the oxidation of the organic ligands was more efficient
operating in the plasma-enhanced mode. The O 1s detail spectrum of pl CoOx/Ti (Figure 8.16 b)
agrees well to the in literature reported O 1s spectrum of Co3O4. The spectrum is composed of the
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O 1s peak at 529.74 eV, which is characteristic for lattice oxygen and a HBE feature at 531.3 eV
which is about 35 % of the O 1s area arising from oxygen defects. In contrast to this, the HBE
feature of pl CoOx(OH)y/Ti does not mainly arise from oxygen defects. With a percentage share
of about 59 % of the total O 1s area, the HBE feature is correlated to the presence of hydroxide
groups. Since the Co 2p spectrum identified Co(II) as the main oxidation state, the HBE feature
is correlated to the deposition of Co(OH)2. The coexistence of CoO or Co3O4 is probable since
the LBE feature is about 41 %.
Table 8.4 lists the component’s area of the Co 2p3/2 and the O 1s peak, the calculated percentages
of the HBE and the LBE feature as well as the calculated Co/O ratio.
Table 8.4. Calculation of the Co/O ratio using XPS determined component‘s intensity areas for the samples th CoOx/Ti-
S10, pl CoOx/Ti-S13 and pl CoOx(OH)y/Ti-S57. All areas are corrected for the atomic sensitvity factor (RSF), the
transmission factor (TM) and the mean free path (MFP).
Sample A(Co 2p3/2) A(O 1sLBE+HBE) O 1sLBE O 1sHBE A(Co 2p)/A(O 1s)
[RSF*T*MFP] [RSF*T*MFP] [%] [% ]
S10 226.7 274.7 100 0 0.8
S13 867.0 1202.2 65 35 0.72
S57 6893.8 3020.5 41 59 0.93
While the Co/O ratio of 0.8 of th CoOx/Ti is decreased compared to the ratio of stoichio-
metric CoO, the Co/O ratio of 0.72 in case of pl CoOx/Ti matches the one of Co3O4. In case
of Co(OH)2 one would expect a Co/O ratio of 0.5, this is not observed for the in air deposited
pl CoOx(OH)y/Ti. The calculated ratio of 0.93 can be explained by the coexistence of CoO and
Co(OH)2 since the O 1s spectrum exhibits a LBE feature of 41 % (representing CoO) and a HBE
feature of 55.8 % (representing Co(OH)2). Larger amounts of Co3O4 or CoO(OH) can be ruled
out with respect to the Co(II) oxidation state being primarily present. Furthermore, the Co/O
ratio is increased as the construction of the C-O fit is not as definite due to the complexity of the
C 1s spectrum and uncertainties in the assignment of the carbon species. Nevertheless, the XPS
detail spectra give useful information about the oxidation state and the type of oxygen bonds
from which conclusions can be made about the formed phases.
In summary, the choice of reactive gas has a great impact on the resulting structure and com-
position in case of the PECVD deposition. While pure metal oxides are deposited when oxygen
is used as a reactive gas, the use of air as a reactive gas resulted in the deposition of a metal
oxide/hydroxide mixture. For completeness it should be mentioned, that a partially hydroxylation
could also be realized by the PECVD deposition using an argon/oxygen ratio of 2. The similarities
in the C 1s spectra and in the overall composition of these films with those deposited using air
were already addressed in Chapter 8.3.1. But since these catalysts were electrochemically not as
active as those deposited with air, no further efforts have been spend for their investigation and
the focus was directed to the use of air as a reactive gas instead.
While the CVD deposition of CoO and Co3O4 is well studied, the PECVD deposition of
pl CoOx(OH)y/Ti with air as a reactive gas has not been reported yet to our knowledge.
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[18, 106, 112] In general, there is not much literature reported on the PECVD deposition of
cobalt oxides using acetylacetonate precursors but plasma treatments are extensively used to
functionalize the surface of polymers and other materials with -NH, -OH or COOH groups using
oxygen as a reactive gas. [113–115] In contrast to the effect of the reactive gas in the PECVD
process, the XPS investigation of th CoOx/Ti films using air as a reactive gas did not significantly
differ from the one of th CoOx/Ti using oxygen as reactive gas. Therefore, there is no need
to discuss the XPS spectra separately. It should be remarked that using air as a reactive gas
indeed leads to a slightly decreased amount of carbon contaminations, but the formation of
hydroxides cannot be clearly identified. We did not find any literature reports on the thermal
deposition of CoOx(OH)y using Co(acac)3 as a precursor in the chosen parameter range. Weiss
et al. for example reported results on the addition of water to the thermal CVD process of
metal oxides using acetylacetonate precursors [106] For instance, Utriainen et al. found, that the
acetylacetonate precursors react with water to metal oxides in the ALD process. [116] Marzouk et
al. discussed the decrease of carbon content when water was added to the CVD mixture depositing
MOx. [106,117] Nevertheless, only few systematic studies on the decomposition of acetylacetonate
ligands in the presence of water in the reactive gas are available and their results are discussed
contradictory. [106] Thus, the deposition of a hydroxylated metal oxide catalyst using the PECVD
process is a novel approach for the synthesis of electrocatalysts.
8.3.4 Structural evolution of CoOx depending on the layer thickness
Differences in the thickness-dependent structural evolution of differently prepared cobalt oxides
were observed with XPS. Figure 8.17 a presents the binding energy of the Co 2p3/2 peak as a
function of the layer thickness of th CoOx, pl CoOx and pl CoOx(OH)y deposited onto Ti-foil.
The percentage atomic concentration of Ti can be used as a descriptor for the layer thickness
since the increase of the layer thickness results in the amplified attenuation of the Ti 2p signal.
The binding energy of the Co 2p3/2 peak of th CoOx/Ti shifts from about 780.4- 780.6 eV down
to the bulk value of 780.0 eV reported for CoO. [87,89]
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Figure 8.17. a) Binding energies of the Co 2p3/2 peak and b) calculated Co(III) content in dependence of the atomic
concentration of Ti for differently prepared th CoOx/Ti, pl CoOx/Ti and pl CoOx(OH)y/Ti films.
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In agreement with the binding energy position of CoO, the Co(III) content varies independent
of the layer thickness only between 1-5 % (Figure 8.17 b). In both, th CoOx and pl CoOx(OH)y,
the atomic concentration of Co(II) is constant and no increase in Co(III) is observed in dependence
on the layer thickness. But in contrast to th CoOx, the binding energy of the Co 2p3/2 peak
of pl CoOx(OH)y/Ti is positioned at higher binding energy values (780.0 eV-781.2 eV) in the
coverage regime 0-10 % titanium signal. In case of pl CoOx/Ti, the binding energy shift of the
Co 2p3/2 from 780.5 eV to about 779.5 eV is not only correlated to the increasing layer thickness
but also to the increase in the percentage of Co(III) from 3 % to 65 %. The higher the Co(III)
content, the lower the binding energy of the Co 2p3/2. This indicate the structural evolution from
CoO to Co3O4 in dependence on the layer thickness in case of pl CoOx/Ti. In the layer thickness
regime below 1 nm (55 % Ti) mainly CoO is deposited with a Co(III) content below 5 %. Above
a layer thickness of 1 nm, the Co(III) content increases and the BE shifts to the typical value of
bulk Co3O4 (779.6 eV). [89]
Figure 8.18 shows the Co 2p3/2 and the valence band spectra as a function of the layer thickness
exemplary for pl CoOx/Ti. One can clearly see, that with increasing layer thickness the Co 2p3/2
shows an additional main peak at 779.6 eV with a satellite structure at a distance of about 10 eV
at 789.7 eV corresponding to the Co(III) oxidation state. In addition, the growing 3d(t2g)
6 feature
in the valence bond becomes more distinct attributed to the increased presence of Co(III) within
the layer. The same dependence of structural evolution of the layer thickness was observed for
pl CoOx, which was grown on n-Si substrates.
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Figure 8.18. Co 2p and valence bond spectra of pl CoOx/Ti as a function of layer thickness.
Gragnaniello et al. investigated the thickness dependent structural evolution of cobalt oxide
nanolayers on palladium (Pd(100)) by LEED and STM experiments. [118] They found that CoOx
grows in the coverage regime up to 2-3 ML in the structure of rock salt CoO. At a higher coverage
above 10 ML, the growth of spinel Co3O4 was identified. [118] Klett et al. reported a binding
energy shift of the Pt 4f line from a higher energy value of 72.4 eV down to the bulk value of
71.2 eV with increasing layer thickness when Pt was deposited on TiO2. [119]
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8.3.5 Structure and Morphology
Applying GIXRD, the PECVD deposited CoOx and CoOx(OH)y films using oxygen and air as
a reactive gas were found to be x-ray amorphous. Figure 8.19 shows the GIXRD patterns of a
1.5 nm thick pl CoOx/Ti film and a 17 nm pl CoOx(OH)y/Ti film. Diffraction peaks of brucite
type β-Co(OH)2 are reported at 2θ to appear at 19.0˚ , 32.5˚ and 37.8˚ for the (001), (100) and
(101) planes (JCPDS card No. 30-0443). In case of Co3O4 diffraction peaks at 2θ of 31.3˚ , 36.8˚ are
expected for the (220) and (311) planes (JCPDS card No. 76-1802 and 42-1467). [120,121] Neither
the characteristic diffraction peaks identifying Co3O4, CoO nor that for Co(OH)2 are found in the
GIXRD patterns of pl CoOx and pl CoOx(OH)y (Figure 8.19). All of the observed diffraction
peaks are attributed to Ti (JCPDS card No. 005-0682) and TiO2 (JCPDS card No. 088-1175).
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Figure 8.19. GIXRD pattern of a) pl CoOx/Ti-S26 (1.5 nm) and b) pl CoOx(OH)y/Ti-S38 (17 nm).
In agreement with our results, Dittmar et al. reported that plasma-enhanced CVD deposited
cobalt oxides are x-ray amorphous. They also used the Co(acac)3 precursor and TiO2 as a
substrate. [18]
Figure 8.20 shows the SEM images of a 2.4 nm thin pl CoOx/Ti film and a 17 nm thin
pl CoOx(OH)y/Ti film in comparison to the etched titanium substrate.
Ti (etched) CoOx/Ti-S32 (δ=2.4 nm) CoOx(OH)y/Ti-S38 (δ=17 nm) 
Figure 8.20. SEM images of the cleaned Ti substrate, pl CoOx/Ti-S32 (2.4 nm) and pl CoOx(OH)y/Ti-S38 (17.0 nm).
Judging the SEM images with a magnification of 10000x, the surface morphology closely
follows that of the pure substrate material. Also at higher magnifications no differences could
be identified but the surface seems overall to be smoother after the deposition. Later it was
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found, that morphological differences could be mainly observed at positions where the film was
damaged. Figure 8.21 shows these differences in dependence on the preparation method. The
titanium substrate itself shows a roughness in the µm range as we identify using a profilometer.
The magnified SEM image of th CoOx/Ti shows some sponge-like structures growing out from the
surface. Instead, the image of pl CoOx/Ti displays a structure consisting of particles in addition
to the original scale structure of the substrate. Furthermore, the surface seems to be smoother
after deposition. Also in case of pl CoOx(OH)y/Ti the surface is less rough compared to the plain
substrate.
Figure 8.21. SEM images of the cleaned Ti substrate, th CoOx/Ti-S9 (2.2 nm), pl CoOx/Ti-S30 1 (2.9 nm) and
pl CoOx(OH)y/Ti-S57 (17 nm).
Due to charging effects, a higher magnification could not be resolved in case of pl CoOx(OH)y/Ti
but the SEM image taken at a position where the film was damaged show, that the film consists of
a number of particles as observed for pl CoOx/Ti. Nevertheless, the excerpts shown here are not
representative for the entire surface, the majority of the surface looks like the scale structure of
titanium. Since the nanometer thick catalyst films are very thin in relation to the µm roughness
of the titanium substrate, pl CoOx were deposited on smoother silicon substrates for comparison
(Figure 8.22).
CoOx/Ti-S22-2 (δ=0.5 nm) CoOx/Ti-S23-2 (δ=1.1 nm) CoOx/Ti-S24-2 (δ=4.1 nm) 
Figure 8.22. SEM images of pl CoOx/Si-S22 2 (δ= 0.5 nm), pl CoOx/Si-S23 2 (δ= 1.1 nm) and pl CoOx/Si-S24-2
(δ= 4.1 nm).
It can be seen, that with increasing deposition time and thickness, the coverage of the silicon
substrate improves. In case of the 1.1 nm thin pl CoOx sample, the magnification of 10 0000x
does not show any special structural features. In case of the 4.1 nm thin pl CoOx film, images
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with higher magnification could not be resolved due to charging effects arising from the poor
conductivity of the silicon substrate. It can be concluded that the x-ray amorphous films cover
the surface analog to the substrate structure and the coverage seems uniform.
8.4 Deposition of NiOx, NiOx(OH)y and FeOx
In the following section, the deposition of pure NiOx/NiOx(OH)y and FeOx is discussed since Ni
and Fe were chosen as the second metal within the bimetallic catalysts CoMOx and CoMOx(OH)y
(M= Ni, Fe). It should be remarked, that the deposition of NiOx/Ti and NiOx(OH)y/Ti was
part of a bachelor thesis and the deposition of FeOx/Ti was part of a master thesis. [122, 123]
Table 8.5 summarizes the deposition parameters.
Table 8.5. Preparation parameters of the PECVD deposition of pl NiOx/Ti and pl NiOx(OH)y/Ti using setup B, whereby
Ni(acac)2 was introduced by the main precursor line (V1). Pl FeOx/Ti was deposited using setup C.
Sample TSub TPrec tDep fN2 fO2 fAir pproc d
[˚ C] [˚ C] [min] [sccm] [sccm] [sccm] [mtorr] [cm]
Ni3 260 220 10 100 0 200 - 13.5
Ni4 260 220 10 200 100 0 - 13.5
Ni5 260 220 10 200 200 0 - 13.5
Ni6 260 220 10 100 100 0 - 13.5
Ni7 260 220 5 100 100 0 - 13.5
Ni8 260 200 10 100 100 0 - 13.5
Ni9 260 200 10 100 0 100 - 13.5
Fe1 230 210 10 100 100 0 1260 13.5
Fe2 230 205 10 100 100 0 1260 13.5
Fe3 230 200 10 100 100 0 1240 13.5
Fe4 230 195 10 100 100 0 1260 13.5
Fe5 230 200 10 50 50 0 678 13.5
Since the FeOx films showed only low catalytic activity and degraded fast during the electro-
chemical test, not much effort has been devoted to the optimization of the deposition. In contrast
to FeOx/Ti, NiOx/Ti and NiOx(OH)y/Ti films showed a comparable electrochemical behavior to
CoOx/Ti and CoOx(OH)y/Ti and therefore, their preparation and characterization is discussed
in the following chapters.
8.4.1 Decomposition of Ni(acac)3 and Fe(Acac)3 and the resulting composition
The resulting composition is plotted in Figure 8.23 for differently prepared Ni and Fe catalysts.
The plasma induced decomposition of Ni(acac)2 is similar to the one of Co(acac)3 except that the
carbon content is slightly increased when oxygen is used as a reactive gas. While the contribution
of carbon in pl CoOx/Ti varied between 15 % to 20 %, it was between 20 % to 25 % for samples
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pl NiOx-Ni4 and -Ni7.
As it was also observed for the deposition of pl CoOx(OH)y/Ti, the carbon content is increased
when air is used as a reactive gas in pl NiOx(OH)y/Ti (samples pl NiOx(OH)y/Ti-Ni3 and
pl NiOx(OH)y/Ti-Ni9). Also differences in the C 1s spectra attributed to the choice of the
reactive gas were observed depositing pl NiOx/Ti and pl NiOx(OH)y/Ti. The carbon content
in pl FeOx/Ti films is comparable with the one observed in pl NiOx/Ti films. Due to different
oxygen/metal ratio in NiO and Fe2O3, pl FeOx shows an higher oxygen content than pl NiOx.
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Figure 8.23. Comparison of the atomic concentration of various components (C, O, Ni/Fe, Ti) of a) pl NiOx/Ti and
pl NiOx(OH)y/Ti and b) of pl FeOx/Ti in dependence on the preparation conditions.
Since the C 1s spectra of pl NiOx and pl FeOx agree with the one observed for deposited
pl CoOx using oxygen as a reactive gas and the C 1s spectra of pl NiOx(OH)y is comparable to
the one observed for pl CoOx(OH)y using air as a reactive gas, they are not specifically discussed
here.
8.4.2 Determination of the deposition rates
The deposition rates of Ni(acac)2 and Fe(acac)3 were investigated using the PECVD system setup
C. While FeOx/Ti films can be deposited reproducibly and the deposition rate is controllable by
the precursor temperature TPrec as well as by the carrier gas flow, the deposition rate of NiOx/Ti
is difficult to adjust.
Figure 8.24 a shows the deposition rates of NiOx/Ti (black, red) and FeOx/Ti (blue) using a
precursor temperature of 200 C˚ and 195 C˚ respectively, a substrate temperature of 230 C˚ and
a carrier gas flow of 100 sccm. The growth rate of FeOx/Ti is with 1.92 A˚/min much larger
than the one of NiOx/Ti, which is 0.43 A˚/min. In case of NiOx/Ti, the film deposited for 2 min,
which represents the first deposition after the precursor was freshly filled, shows an increased
layer thickness compared to the following depositions. Also a change of the precursor powder was
identified: The initially fine powder was baked together after 2 min of deposition using a precursor
temperature between 195-200 C˚. This observation indicates the precursor‘s dehydration. It was
discussed earlier, that Ni(acac)2 is highly air sensitive and hydrates are formed.
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Figure 8.24. a) Deposition of pl NiOx/Ti (black and red) and FeOx/Ti (blue) using different deposition times. The
preparation parameters are given in the title in the following sequence: TSub-TPrec-N2/O2 flow. b) Plot of the layer
thickness depending on TPrec at a deposition time of 10 min. The preparation parameters are given in the title in the
following sequence: TSub-N2/O2 flow-tdep.
As the TG has shown, water evaporates at a temperature of around 100 C˚. Due to the
dehydration, the octahedral Ni(acac)2*H2O has to change its coordination to form the anhydrous
trimer. This may change the volatility of the precursor powder during the first deposition. Another
reason for the observed reduced layer thickness could be the decreased surface area by a change in
morphology.
With regard to the further goal to deposit bimetallic oxide catalysts with PECVD, the carrier gas
flows of the ”second” metals are limited, since a total gas flow of maximum 300 sccm can be set
due to the pressure limitation by the use of plasma. To realize higher Ni contents within the layer,
higher precursor temperatures have to be used even if the reproducibility is not fully guaranteed
due to the dehydration of the precursor powder and the eventually staving of the precursor line.
Preliminary experiments performed in setup B show, that NiOx can be deposited also with a
precursor temperature of 220 C˚ (Chapter 8.4.1). In contrast to NiOx/Ti, the Fe content can
be controlled by increasing the precursor temperature (Figure 8.24 b). Finally, the Ni(acac)2
precursor turned out to be unsuitable since the deposition rate could not be adjusted in the
given parameter window. Unfortunately, there was not enough time to investigate an alternative
precursor within this thesis.
8.4.3 XPS investigation of the electronic structure of NiOx and NiOx(OH)y
As it was observed in case of the preparation of the cobalt catalysts, the deposition using air
as a reactive gas results in a mixed nickel oxide/hydroxide catalyst, NiOx(OH)y, whereas the
deposition using oxygen as a reactive gas leads to a nickel oxide NiOx. The peak position of the
Ni 2p line is difficult to assign to only one chemical state. Grosvenor et al. presented a detailed
XPS study focusing on the differences in the multiplet splitting of NiO, Ni(OH)2 and NiO(OH) as
well as considering the plasmon loss structure. [124,125] Calculating the center of gravity (CG)
from the Gupta and Sen (GS) multiplets, they found that the Ni3+ state has a slightly increased
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intensity at higher binding energies. The CG values were found at 855.3 eV for Ni(OH)2 and at
855.8 eV for NiO(OH). [124] Other studies have reported binding energies of 854.6 eV for Ni2+ in
oxides and 856.1 eV for Ni2+ and Ni3+ in hydroxides and oxyhydroxides. [124]
Differences in the line shape have to be used for the assignment. The Ni 2p line of NiO for example
is characterized by a unique multiplet structure, which exhibits an intense peak feature at around
854.6 eV. The Ni 2p line of NiO(OH) can be identified by the asymmetric shape of the main peak,
whereas the shape of the Ni(OH)2 main peak is symmetric. Figure 8.25 compares the XPS detail
spectra of the Ni 2p3/2, the O 1s and the valence band region (VB) of a typical NiOx/Ti sample
with the detail spectra of a NiOx(OH)y/Ti sample.
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Figure 8.25. XPS details spectra of the Ni 2p3/2, the O 1s and VB region of a plasma deposited pl NiOx/Ti film using
oxygen as a reactive gas (sample pl NiOx/Ti-Ni6) and of plasma deposited pl NiOx(OH)y/Ti film using air as a reactive
gas (sample pl NiOx(OH)y/Ti-Ni3).
The Ni 2p3/2 line of NiOx shows the unique multiplet structure of NiO and exhibits an
intense peak feature at 854.5 eV. This multiplet splitting is neither observed for Ni(OH)2 nor
for NiO(OH). In literature the Ni 2p3/2 peak position of NiO is reported in the range of 854 eV-
854.7 eV. [124,126,127]
The O 1s spectrum of NiOx is composed of two peaks, a low binding energy feature (LBE) at
530.1 eV which is assigned to the lattice oxygen in NiOx and a high binding energy feature (HBE)
at 531.5 eV. The signal at 532.1 eV is attributed to carbon species, since the C 1s spectra of NiOx
and NiOx(OH)y exhibit carbon species like C-O, C-OH and C=O. [103,128] The lattice oxygen
peak in the O 1s of polycrystalline NiO was found at 529.3 eV with a high binding energy feature
at 531.1 eV by Biesinger et al. and at 529.4 eV and 531.3 eV by Ratcliff et al. [125,127]
Similar to the O 1s spectrum of cobalt oxide, the HBE feature is discussed in literature to
arise due to oxygen defects, adsorbed oxygen or to the spontaneous hydroxylation of the Ni
surface. [125,129–131] Payne et al. for example suggested the HBE to result from oxygen defects
basing on the observation that the HBE feature is also present for oxide films grown in pure
oxygen atmosphere. [125,129] In agreement with the findings of Payne et al., the HBE feature of
the as deposited NiOx is found to have a maximum amount of 30 % of the total O 1s area. Hall et
al. reported the formation of an 6- 8 A˚ thick hydroxide/oxide layer if a clean Ni-surface is exposed
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to air. [130] Based on these findings, the HBE feature represents both, non-stoichiometric oxygen
as well as hydroxide species. The VB line shape of NiOx provides the intense characteristic 3d
feature at 2.4 eV, which is attributed to localized Ni 3d states in NiO and a less intense O 2p
peak feature at 4.3 eV. [127]
The O 1s line of NiOx(OH)y shows a HBE feature at a binding energy of 531.4 eV, which is 56 %
of the O 1s area and a LBE feature at a binding energy of 530.0 eV, which represents only 44 %
of the O 1s area. The HBE feature is clearly assigned to hydroxide species as it occurs either
in Ni(OH)2 or in NiO(OH). The LBE feature may be attributed to the presence of NiO(OH) or
NiOx. The valence band provides a first hint that NiO(OH) was deposited because the intense
Ni 3d state feature at 2.4 eV, which is characteristic for NiO, is absent. [132] Furthermore, the
Ni 2p3/2 peak does not provide the multiplet structure of NiO. The maximum of the Ni 2p3/2
peak is located at 856.0 eV, which agrees to the binding energy position of NiO(OH) and Ni(OH)2.
Table 8.6 lists the calculated intensity percentages of the LBE and the HBE features as well as
the VBM of the as deposited NiOx and NiOx(OH)y.
Table 8.6. Binding energies for pl NiOx/Ti and pl NiOx(OH)y/Ti as well as the with XPS determined components
intensity areas of the HBE fit, the LBE fit and the Ni 2p3/2 and the calculated Ni/O ratio. All areas are corrected for the
atomic sensitvity factor (RSF), the transmission factor (TM) and the mean free path (MFP).
Sample Ni 2p3/2 A(Ni 2p3/2) A(O 1sLBE+HBE) O 1sLBE O 1sHBE Ni/O VBM
[eV] [RSF*T*MFP] [RSF*T*MFP] [%] [%] [eV]
Ni6 854.5 4700.0 6555.5 81 19 0.7 1.3
Ni3 856.0 3233.9 4247.9 44 56 0.8 1.4
The construction of difference spectra offers another approach to identify differences in the
line shape. Figure 8.26 a shows a difference spectrum, which was calculated by subtracting the
Ni 2p3/2 line of pl NiOx/Ti from the Ni 2p3/2 spectrum of pl NiOx(OH)y/Ti. One can clearly see,
that the typical NiO peak feature at 854.5 eV appears as a strong negative signal in the difference
spectrum confirming the deposition of a NiO(OH)/Ni(OH)2 phase.
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Figure 8.26. a) Difference spectrum of pl NiOx/Ti and pl NiOx(OH)y/Ti. b) Plot of the Ni 2p3/2 binding energy versus
the amount of the HBE O 1s feature. c) VBM of pl NiOx/Ti and pl NiOx(OH)y/Ti films.
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As an overview, Figure 8.26 b plots the binding energies of the differently prepared NiOx/Ti
and NiOx(OH)y/Ti films (Table 8.5) in dependence on their percentage of the HBE feature. The
Ni 2p3/2 main peak of all four NiOx/Ti films is located at around 854.5 eV when oxygen was
used as a reactive gas. In agreement with the binding energy reported for NiO(OH), the Ni 2p3/2
peak of the in air deposited NiOx(OH)y films has a binding energy of about 856.0 eV. Compared
to the VBM of pl CoOx/Ti and pl CoOx(OH)y/Ti, which varied between 0.4 and 0.9 eV, the
VBM of the pl NiOx/Ti and pl NiOx(OH)y/Ti films are located at higher binding energy values
between 0.9 eV to 1.42 eV (Figure 8.26 c).
8.4.4 XPS investigation of the electronic structure of FeOx
The PECVD deposited pl FeOx/Ti is identified as Fe2O3 with XPS. It has been previously
reported that the Fe 2p3/2 line of Fe2O3 exhibits an emission line at a binding energy between
710.6 eV and 711.2 eV and a satellite structure at a distance of 8.5 eV, which is attributed to
the presence of Fe(III). [133, 134] The O 1s line of Fe2O3 shows an emission line representing
lattice oxygen at a binding energy of 529.9 eV. [134] As in the case of cobalt, differences in the
satellite structure can be used to distinguish between the oxidation states and to identify the
catalysts structure. In contrast to the Fe 2p3/2 line of Fe2O3, the Fe 2p3/2 line of Fe3O4 does not
show a satellite structure. The Fe 2p3/2 line of FeO however exhibits a satellite structure at a
distance of approximately 6 eV due to the presence of Fe(II). [133, 135, 136] Figure 8.27 shows
the XPS detail spectra of the Fe 2p3/2, O 1s and VB regions of pl FeOx. In agreement with the
Fe 2p line of Fe2O3, the Fe 2p peak is located at a binding energy of 710.9 eV showing a satellite
feature at a binding energy of 719.4 eV. The associated O 1s peak for lattice oxygen is positioned
at a binding energy of 529.9 eV. The valence band spectrum of Fe2O3 exhibits three features at
binding energies of 3.0 eV, 5.3 eV and 7.8 eV. The relative energy differences of these features as
well as the extended width of the valence band of about 6 eV agree with the reported values for
Fe2O3. [134] Li et al. attributed the extension of the valence band to the strong hybridization
of the Fe 3d and the O 2p states. [134] The presence of FeO can be ruled out since there is no
satellite structure observed for Fe(II).
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Figure 8.27. XPS detail spectra of the Fe 2p3/2, the O 1s and the VB regions of pl FeOx-Fe1.
78
8.5 Electrochemical characterization of pure metal oxides
8.5.1 The open circuit potential
The open circuit potential (OCP) is described by the difference of the electrical potential between
two electrodes when no current is applied. The test protocol, which was defined by Evonik within
the consortium of the SusHy project, provided a ten minutes measurement of the OCP. This time
range turned out to be insufficient to detect a stable open circuit potential. Figure 8.28 shows
as an example the measurement of the OCP over time for some selected CoOx and CoOx(OH)y
electrodes.
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Figure 8.28. Measurement of the open circuit potential over time.
Since the OCP either increases or decreases in the chosen time range, one can not assume the
electrode being in equilibrium with the electrolyte and therefore, the measured potential does not
agree with the OCP yet. On the one hand, the change of the OCP versus time can be related to
adsorption/ desorption processes of ions from the electrolyte to the electrodes surface and on the
other hand to corrosion processes of the metal oxide itself or of the carbon impurities within the
deposited catalysts. All in all, the here recorded OCP values did not give any valuable information
and no correlation with the activity or the degradation behavior could be found.
8.5.2 Electrochemical impedance spectroscopy: Determination of the IR-drop
The measurement of the high-frequency electrochemical impedance spectroscopy allows the
determination of the electrolyte resistance (RE) (Chapter 6.3). Figure 8.29 a shows the Nyquist
Plots, which were typically recorded in 1 M KOH and 0.1 M KOH for various single metal oxide
catalysts.
In the chosen frequency range, the semi-circle is not pronounced and the electrolyte resistance
RE is derived from the intersection with the X-axis. Typically, the values of RE vary between
5.6- 6.3 Ohm for 1 M KOH and between 47- 53 Ohm for 0.1 M KOH. Figure 8.29 b shows the
RE of various Co-, Ni- and Fe-catalysts. As expected, the RE of 1 M KOH is independent of the
deposited material and the layer thickness consistent around 6 Ω with a standard error of 0.02.
The values of RE for 0.1 M KOH show a larger scattering with a standard error of 0.19.
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Figure 8.29. a) Nyquist Plots recorded for th CoOx/Ti, pl CoOx/Ti, pl CoOx(OH)y/Ti, pl NiOx/Ti, pl NiOx(OH)y/Ti
in 1 M KOH and 0.1 M KOH. b) RE plotted for various Co-, Ni-, Fe-catalysts.
Table 8.7 summarizes the measured electrolyte resistances for 0.1 M KOH and 1 M KOH as
well as the calculated specific and molar conductivities.
Table 8.7. Seriel electrolyte resistance RE measured by EIS as well as the calculated specific and molar conductivities
σm and Λ for various electrolytes.
Electrolyte RE σm Λ ΛLit
[Ohm] [S/cm] [S*cm2/mol] [S*cm2/mol]
0.1 M KOH 47± 5 Ohm 0.016 160 213 [93]
1.0 M KOH 5.6± 0.5 Ohm 0.135 135 184 [24,93]
The comparison with the measured values show, that the tabulated molar conductivities are
over-estimated, since these are only valid for infinite dilution. In case of a real solution, the
electrostatic ionic interaction leads to a drop in the molar conductivity.
8.5.3 Cyclic voltammetry and galvanostatic polarization: Determination of the ac-
tivity and stability
Cyclic voltammograms (CV) provide information about the electrochemical activity and stability
of the catalysts. Primarily the overpotential at a specified current density (2 mA/cm2, 5 mA/cm2
and 10 mA/cm2) was extracted from the CV as a first descriptor of the activity to compare
differently prepared catalysts. Deviating from the specified test protocol, at least two CVs were
recorded. Ideally, the CVs are superimposing and the electrochemical activity is constant over
cycling. An increase in activity with the number of cycles mainly indicate an electrochemical
induced transformation to an active species whereby a decrease of the activity is mostly correlated
with a degradation process.
The following subsections discuss the influence of the preparation parameters like deposition time
tdep, the substrate temperature TSub, the choice of the reactive gas and the operation mode
(plasma vs. thermal) on the activity of the pl CoOx films. Afterwards, the CVs of pure Ni and
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Fe catalysts are shortly discussed since these are important for the later interpretation of the
electrochemical behavior of the bimetallic catalysts.
8.5.3.1 Influence of the layer thickness
The comparison of OER catalysts is complicated since the measured current does not only depend
on the catalytic activity but also on the active surface area and electron/mass properties. Thin
film catalysts provide the possibility to circumvent these issues and to study the area specific
electrochemical activity of different materials in detail. The layer thickness plays a critical
role investigating the electrochemical activity of catalyst films. With increasing layer thickness
electron/hole transport conductivity become more influential. To investigate the activity free from
such current limitations, we tried to find the lowest possible layer thickness, which represents the
best compromise between activity and stability.
Figure 8.30 a shows the CVs of pl CoOx/Ti films of various layer thicknesses. The electrochemical
activity of pl CoOx/Ti enhances with increasing layer thickness from 4.4 A˚ to 7.4 A˚. In case of
the 4.4 A˚ thin layer, the current density drops off within the first CV due to a lack of stability.
With respect to the lattice constants of CoO (4.25 A˚) and Co3O4 (8.05 A˚), the increase in activity
can be assigned to the increase in active sites up to the coverage of a mono-layer (ML). Indeed
the increase of the layer thickness from 7.4 A˚ to 29 A˚ had no remarkable positive effect on the
activity, but the pl CoOx film having a layer thickness above 10 nm shows an improved increase
in current density at a similar onset potential. Furthermore, the discrepancy between the first
and the second CV diminishes what indicate a better stability. The potentiostatic scans show
that the 6.1 A˚ thin film (S27, blue) degrades completely already within 30 sec of conditioning
while the 7.4 A˚ thin film (S29-1, magenta) only shows a degradation slope of -0.002 mA/cm2s
(Figure 8.30 b).
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Figure 8.30. Cyclic voltammograms of a) pl CoOx/Ti (S25-2-red, S27-blue, S29-1-magenta, S30-1-navy, S25-green) as
well as of the pure Ti substrate black and b) potentiostatic scans of the 7.4 A˚ pl CoOx/Ti thin film (magenta) compared
to the 6.1 A˚ thin pl CoOx/Ti film (blue).
With consideration to the later technical application of the catalysts, the use of 1 M KOH
was established in the project consortium. Figure 8.31 a shows the cyclic voltammograms of
pl CoOx/Ti of different layer thicknesses recorded in 1 M KOH. Similar to the measurements
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performed in 0.1 M KOH, the activity improves with increasing layer thickness but the catalysts
are found to be less stable in 1 M KOH. Compared to the cyclic voltammograms recorded in 0.1 M
KOH, the discrepancy between the first and the second cyclic voltammogram is more pronounced
for the catalyst films tested in 1 M KOH having a layer thickness between 9 A˚ to 38 A˚. Above a
layer thickness of 53.5 A˚, no further increase in activity is observed. The galvanostatic scans were
performed at 10 mA/cm2 and confirm that the stability improves with increasing layer thickness.
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Figure 8.31. a) Cyclic voltammograms of pl CoOx (S25-black, S16-red, S13-blue, S29-magenta, S13-2-green). b) Gal-
vanostatic scans performed at a current density of 10 mA/cm2 of the 11.4 A˚ (29-magenta), 38 A˚ (S13-2-green) and
< 100 A˚ (S13-blue) thin pl CoOx/Ti samples. All catalysts were tested in 1 M KOH.
The results show, that the minimum layer thickness of 5 nm represents the best compromise
between activity and stability. The all in all cell resistance determined with EIS was constant
representing only the electrolyte resistance in this layer thickness regime for all samples. This
means that no additional resistance attributed to the catalysts layer thickness was present. To
perform other spectroscopic methods in addition to XPS, catalyst films were deposited in the
layer thickness range between 2.5- 20 nm.
8.5.3.2 Influence of the substrate temperature
Figure 8.32 a presents the cyclic voltammograms of pl CoOx/Ti samples, which were deposited
using different substrate temperatures. The substrate temperature of 250 C˚ resulted in the
deposition of the most stable and active pl CoOx/Ti sample. The 2.4 nm thin film (red) shows
an overpotential of 0.42 V at a current density of 2 mA/cm2 in 0.1 KOH, which agrees with the
overpotential of the pl CoOx/Ti sample (δ >10 nm) deposited at 230 C˚ (Figure 8.30 a). None
of the pl CoOx/Ti films, which were deposited using a substrate temperature of 230 C˚, were
as stable and active below a layer thickness of 3 nm as it was found for the pl CoOx/Ti film
deposited at 250 C˚. In conclusion, the change of the substrate temperature does not have an effect
on the onset potential but on the stability of the catalyst films in the chosen temperature range.
Figure 8.32 b present the CVs recorded in 1 M KOH of pl CoOx/Ti samples deposited at different
substrate temperatures and Figure 8.32 c shows the galvanostatic scans performed at a current
density of 10 mA/cm2. The first effect to be noticed is that the performance of the 3.8 nm thin
pl CoOx/Ti sample deposited at a substrate temperature of 250 C˚ (blue) is worse in 1 M KOH
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than the performance of the 2.4 nm sample tested in 0.1 M KOH. The decrease in current density
observed after each CV indicate a lacking stability.
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Figure 8.32. a) Cyclic voltammograms of pl CoOx/Ti (S30-1-black, S32-red, S41-blue) recorded in 0.1 M KOH and b)
cyclic voltammograms of pl CoOx/Ti (S11-black, S13-red, S14-3-blue) recorded in 1 M KOH. c) Galvanostatic scans of
S11-black and S13-red performed at 10 mA/cm2 in 1 M KOH. The deposition parameters are given in the title in the
following order: TPrec-O2/Ar flow-tDep.
The pl CoOx/Ti sample deposited at a substrate temperature of 230 C˚ has a layer thickness
of greater than 10 nm and shows the overall best performance and stability with an overpotential
of 0.42 V at a current density of 5 mA/cm2 and a degradation slope of only 3.3*10−5 V/s.
In contrast, the pl CoOx/Ti sample deposited at a substrate temperature of 180 C˚ shows a
decreased performance with an overpotential of above 0.47 V at 5 mA/cm2. As previously
discussed, a maximum layer thickness of 5 nm is needed to guarantee a certain stability in
1 M KOH. Nevertheless, one can see that the onset potential is not strongly dependent on
the substrate temperature. The galvanostatic scan of pl CoOx, deposited at 230 C˚ (S13, red),
confirms the superior stability by a degradation slope of only 3.3 10−5 V/s. A degradation slope
of 9 10−5 V/s was observed in case of pl CoOx deposited at 180 C˚ (S11, black). Finally, the
substrate temperature has been set between 230 C˚ to 250 C˚ for the PECVD deposition of
pl CoOx catalyst films.
8.5.3.3 Influence of the operation mode: Plasma versus thermal
The aim of this thesis was to develop a low temperature CVD process to deposit amorphous
catalyst films. Especially with respect to the future goal to deposit the catalyst films directly onto
solar devices, the substrate temperature has to be kept between 150 C˚ to 200 C˚. A strategy for
the realization of a low deposition temperature has been the use of a plasma-assisted oxidation
process.
Thermally, the Co(acac)3 precursor decomposes between 350 C˚ and 410 C˚ in nitrogen atmosphere.
[19] Backman et al. reported the atomic layer deposition of CoO onto SiO2 using Co(acac)2
as a precursor. They found a substrate temperature of 450˚ C sufficient in order to remove the
acetylacetonate ligands by an air treatment. [137] We found that oxidation becomes more efficient
with increasing substrate temperature from 350 C˚ to 430 C˚ (Chapter 8.3.1) by the decrease of
carbon content from 65 to 51 % in case of thermal CVD for an Ar/O2 ratio of 1.
Operating in the plasma enhanced mode, the acetylacetonate ligands were removed even at lower
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substrate temperatures between 180 to 250 C˚. In this temperature range, the carbon content
varied between 10 to 30 %. Although the focus of this work is on the development of a PECVD
process, it is useful to discuss the thermal deposition for comparison. Figure 8.33 a compares the
cyclic voltammograms of the most active th CoOx/Ti sample (black) and pl CoOx/Ti sample
(blue).
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Figure 8.33. a) First (EC1) and second (EC2) cyclic voltammograms of th CoOx/Ti (S10:EC1-black, S10:EC2-red)
and of pl CoOx/Ti (S13:EC1-blue, S13:EC2-green). b) Galvanostatic scans of S10-black and S13-blue performed at
10 mA/cm2 in 1 M KOH.
The catalysts show a similar activity with overpotentials of 0.43 V at 5 mA/cm2. A different
behavior of the thermal and plasma deposited catalyst is observed in the galvanostatic scans
(Figure 8.33 b): While the activity decreases in case of the plasma deposited catalyst (black),
the activity increases in case of the thermal deposited catalyst (blue). The second performed
electrochemical characterization (EC2) shows a decreased overpotential in case of the CV of
th CoOx (red), the CV of pl CoOx (green) does not change remarkably. The reason for this
behavior and the effect of conditioning on the electronic structure will be discussed in detail
in Chapter 9.1.1. Although the overpotential of th CoOx is slightly decreased to 0.41 V after
conditioning, the PECVD process provides a good possibility to deposit cobalt oxides with similar
activity at low temperatures. As the discussion in the next chapter will show, the PECVD
deposited CoOx(OH)y films using air as a reactive gas show an improved catalytic activity. The
thermal CVD process, did not result in the deposition of CoOx(OH)y films if air was used as a
reactive gas and therefore no activity enhancement was observed.
8.5.3.4 Influence of the choice of the reactive gas
Since the change of the substrate temperature did not have an remarkable impact on the catalytic
behavior and the gas flows can only be varied in a small parameter window due to the instability
of the induced plasma, the use of air as a reactive gas was investigated as a another strategy
to optimize the pure metal oxide catalyst. The influence of the reactive gas on the electronic
structure was already discussed in Chapter 8.3.3. It was found, that using air as a reactive gas
leads to the deposition of pl CoOx(OH)y films.
Figure 8.34 a presents the cyclic voltammograms of pl CoOx(OH)y films deposited onto titanium
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with a deposition time of 30 min (blue, 15 nm), 40 min (black, 19 nm) and onto an Ni-RDE-Tip
with a deposition time of 30 min (green, 2.8 nm) in comparison to the pl CoOx/Ti (red) and IrO2
(magenta) films. IrO2 and pl CoOx(OH)y/Ni was tested in the RDE setup of Evonik in 0.1 M
KOH.
First of all, the onset potential of all pl CoOx(OH)y films is lowered compared to pl CoOx/Ti.
Second, the activity increases with the layer thickness: The overpotential reduces from 0.39 V
(pl CoOx(OH)y-15 nm) to 0.36 V (pl CoOx(OH)y-19 nm) at a current density of 5 mA/cm
2.
The 19 nm thin pl CoOx(OH)y film shows even a higher activity than the IrO2 reference sample
of Evonik. To compare the catalyst within the project consortium, all project partners had to
deposit the best catalyst onto a Ni-RDE-Tip, which was finally tested at the laboratory of Evonik.
As expected, the pl CoOx(OH)y/Ni film showed a better performance in the RDE test than
the analog catalyst film in the Zahner setup, since the produced gas bubbles, which block the
active centers on the surface are removed by rotating the electrode. The cyclic voltammograms
of the pl CoOx(OH)y/Ti films, which were deposited using an Ar/O2 ratio of 0.5, are shown
in Figure 8.34 b. While the overpotential of 0.44 V of the 5.1 nm film (grey) is similar to that
of pl CoOx (η=0.43 V at 5 mA/cm
2), the activity of the 19 nm film (orange) is improved with
an overpotential of only 0.39 V at a current density of 5 mA/cm2. Nevertheless, using air as a
reactive gas resulted in the most active catalyst films.
The stability of the pl CoOx(OH)y films was partly determined from the galvanostatic scans
(Figure 8.35 a) and partly from the potentiostatic scans (Figure 8.35 b).
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Figure 8.34. a) Cyclic voltammogram of pl CoOx/Ti (S13-red) compared to the onces of pl CoOx(OH)y/Ti (S57-black,
S79-blue) recorded in 1 M KOH using the Zahner setup. The cyclic voltammograms of IrO2/Ni (Evonik-magenta)
and CoOx(OH)y/Ni (S56-green) were tested in 0.1 M KOH in a RDE setup* at Evonik. b) Cyclic voltammograms
of pl CoOx(OH)y/Ti films (S37-grey, S38-orange) deposited using an N2/O2 ratio of 0.5 recorded in 1 M KOH. The
deposition parameters of all pl CoOx(OH)y films are given in the title in the following order: TPrec-TSub-Air/N2 flow.
The deposition parameters of pl CoOx-S13 were given in Figure 8.32 b). All CVs were recorded with a scan rate of
10 mV/s.
The galvanostatically conditioned pl CoOx(OH)y/Ni film (green, 2.6 nm) and pl CoOx(OH)y/Ti
(blue, 15 nm) show an improved degradation slope of only 2.0*10−5 V/s and 2.6*10−5 V/s com-
pared to the one of 3.3*10−5 V/s of pl CoOx (red, δ >10 nm). The IrO2 film shows the best
stability with a degradation slope of only 1.7*10−5 V/s.
Unfortunately sample pl CoOx(OH)y/Ti-S57 (black, 19 nm) was conditioned at a too low potential
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and can be therefore not directly compared to the potentiostatic scans pl CoOx(OH)y/Ti-S38
(orange, 19 nm) and pl CoOx(OH)y/Ti-S37 (grey, 5.1 nm). Nevertheless, one can see, that the
degradation slopes of the pl CoOx(OH)y/Ti films S37 and S38 are with a value of -5.1*10
−3 and
-3.2*10−3 mA/cm2s in the same order of magnitude as the slope of the 0.7 nm thin pl CoOx/Ti
film (-2.1*10−3 mA/cm2s).
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Figure 8.35. a) Galvanostatic scans of pl CoOx(OH)y films (S79-blue, S56-black, IrO2-magenta) recorded in 1 M KOH
at a current density of 10 mA/cm2. Potentiostatic scans of pl CoOx(OH)y films (S38-orange, S57-black and S37-grey)
recorded in 1 M KOH at potentials of 1.68 V, 1.6 V and 1.73 V vs. RHE.
The use of air as a reactive gas did not have a positive effect on the activity in case of the
thermally deposited catalysts. Figure 8.36 a compares the cyclic voltammogram of th CoOx/Ti-S10
(black,>10 nm), which was deposited using oxygen as a reactive gas, with the cyclic voltammograms
of th CoOx/Ti films of various layer thicknesses deposited using air as a reactive gas S59 (red,
1.1 nm), S61 (blue, 2.2 nm), S62 (magenta, 2.9 nm).
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Figure 8.36. a) Cyclic voltammograms of PECVD deposited th CoOx/Ti (S10-black) using oxygen as a reactive gas
in comparison to PECVD deposited th CoOx/Ti films (S59-red, S61-blue and S62-magenta) deposited using air as a
reactive gas. b) Galvanostatic scans of th CoOx (S10-black), th CoOx (S61-blue) and th CoOx (S62-magenta) recorded
in 1 M KOH at a current density of 10 mA/cm2.
The 2.9 nm thin th CoOx/Ti-S62 film deposited with air as a reactive gas shows with an over-
potential of 0.41 V at a current density of 5 mA/cm2 a similar performance as the th CoOx/Ti-S10
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film (0.42 V at 5 mA/cm2), which was deposited using oxygen as a reactive gas. In contrast to
the in oxygen deposited th CoOx films, the galvanostatic conditioning did not have an positive
effect on the performance of the in air deposited films, the th CoOx samples directly degraded
with degradation slopes of 1.34*10−5 (S61) and 1.17*10−5 (S62) (Figure 8.36 b).
8.5.3.5 Cyclic voltammetry and galvanostatic polarization of NiOx and FeOx
With respect to the later goal to deposit cobalt based bimetallic catalysts, pure NiOx and FeOx
films have to be deposited for comparison. In case of NiOx, also the effect of the reactive gas
(oxygen versus air) was studied since the pure NiOx showed a moderate activity. Figure 8.37 a
presents the cyclic voltammograms of the most active NiOx/Ti (Ni3, black), NiOx(OH)y/Ti (Ni9,
red) and FeOx/Ti (Fe1, blue) samples recorded in 1 M KOH. As observed in case of the PECVD
deposited CoOx(OH)y films, the use of air as a reactive gas leads to the deposition of NiOx(OH)y,
which is with an overpotential of 0.35 V at a current density of 5 mA/cm2 more active than NiOx
(0.45 V at 5 mA/cm2).
The activity of the pure FeOx/Ti film is much lower compared to the CoOx//Ti and NiOx/Ti
films, an overpotential of 0.49 V is needed to reach a current density of 5 mA/cm2. Figure 8.37 b
shows the associated galvanostatic scans performed at a current density of 10 mA/cm2 in 1 M
KOH. The NiOx film degraded the most, it shows a degradation slope of 6.36*10
−5 V/s. The
degradation slope of NiOx(OH)y/Ti and FeOx/Ti is with 1.24*10
−5 V/s and 1.63*10−5 V/s
comparable with that of CoOx(OH)y/Ni (2.0*10
−5 V/s).
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Figure 8.37. a) Cyclic voltammograms of pl NiOx/Ti (Ni3-black), pl NiOx(OH)y/Ti (Ni9-red) and pl FeOx/Ti (Fe1-blue)
recored in 1 M KOH with a scan rate of 10 mV/s. b) Galvanostatic scans of pl NiOx/Ti (Ni3-black), pl NiOx(OH)y/Ti
(Ni9-red) and pl FeOx/Ti (Fe1-blue) recorded in 1 M KOH at a current density of 10 mA/cm
2.
8.5.4 Linear Sweep measurements: Tafel slopes
Although the electrochemical test protocol included the performance of a Tafel measurement,
this has only been done for the optimized active catalyst films due to time constraints. Figure
8.38 compares the Tafel plots of the most active pl CoOx(OH)y (red, S56), th CoOx (blue, S62),
pl NiOx(OH)y (orange, Ni9) and pl FeOx (green, Fe1) film with the IrO2 reference film of Evonik
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(black). The linear sweep scans were recorded with a scan rate of 1 mA/cm2 in either 1 M KOH
or 0.1 M KOH.
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Figure 8.38. a) Tafel measurements of IrO2 (Evonik-black) and pl CoOx(OH)y/Ni (S56-red) recorded in 0.1 M KOH as
well as of th CoOx/Ti (S62-blue), pl NiOx(OH)y/Ti (Ni9-orange) and pl FeOx/Ti (Fe1-green) recorded in 1 M KOH. b)
Overview of the determined Tafel slopes fitted in the current density region between 2-5 mA/cm2.
The Tafel slope is a relevant value of the catalytic activity and was determined by a linear
fit in the region between 2-5 mA/cm2. Consistent with the voltammetry measurements, the
CoOx(OH)y shows the best activity with a Tafel slope of only 35 mV/dec. Interestingly, the
highest Tafel slope (84 mV/dec) is observed for NiOx(OH)y/Ti, which is even higher than the
Tafel slope of FeOx/Ti (63 mV/dec). The CoOx(OH)y film deposited on the Ni-RDE Tip shows
even a lower Tafel slope than the IrO2 reference sample (51 mV/dec), which was characterized
by Evonik. In comparison, Trotochaud et al. reported a Tafel slope of 49 mV/dec for solution
spin-cast IrO2 and 42 mV/dec CoOx, determined from the linear region below 1 mA/cm
2.
8.6 Overview and conclusion
Two types of catalysts were investigated: MOx and MOx(OH)y (M=Co, Ni, Fe). While the
thermal CVD and the PECVD process result in the deposition of MOx films when oxygen is used
as a reactive gas, the deposition of MOx(OH)y was simply realized by using air as a reactive gas
in the PECVD process. The results show, that the choice of the reactive gas has an high impact
on the electronic structure and also on the electrochemical activity. Figure 8.39 gives an overview
of the overpotential needed at a current density of 10 mA/cm2 of differently prepared catalysts
compared to the IrO2 reference films purchased by Metakem and Evonik.
One can clearly see the progress in optimizing the catalyst during this theses: Starting with the
thermal CVD deposition process, the catalyst films required overpotentials between 0.48 and
0.41 V at a current density of 10 mA/cm2. By attaching the RF-generator, the PECVD deposition
of pl CoOx films at substrate temperatures below 250 C˚ was realized. The use of air as a reactive
gas opened the possibility to deposit CoOx(OH)y films, which had a decreased onset potential as
well as lower overpotentials and Tafel slopes. Most of the pl CoOx(OH)y films showed a higher
activity than the IrO2 films prepared by Evonik. The RDE tested pl CoOx(OH)y/Ni had an
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activity, which was even close to the one reported for the IrO2 electrode purchased by Metakem
(0.31 V at 10 mA/cm2).
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Figure 8.39. IR corrected overpotentials at 10 mA/cm2 plotted for various catalyst films tested either in 1 M KOH
or 0.1 M KOH. All the here shown catalyst films have a layer thickness above the critical layer thickness (see Chapter
8.5.3.1).
Figure 8.40 provides an literature overview of various metal oxides. The PECVD deposited
pl CoOx(OH)y film presents one of the best cobalt catalysts. Only the Co3O4 nanoparticles,
which were impregnated on a highly porous Ni foam, show a comparable electrochemical activity.
The pl NiOx(OH)y films are not as active as the spin-cast NiOx films reported by Trotochaud et
al. or Stern et al. But not much effort was devoted to the optimization of the pure pl NiOx(OH)y
films, the parameters for the deposition were only deduced from the deposition of pl CoOx(OH)y.
Nevertheless, the presented pl CoOx(OH)y film is with an overpotential of 0.33 V one of the best
transition metal catalysts. Only the nanoparticular Ni(OH)2, reported by Stern et al., has a lower
overpotential of 0.299 V at 10 mA/cm2.
With this, one can conclude, that the as deposited transition metal oxide-hydroxides show a
superior catalytic activity from the beginning of the electrochemical test compared to their analog
transition metal oxides. With respect to the commonly known redox behavior of transition metal
oxide catalysts one must consider a potential-dependent structural change during OER. It is not
guaranteed that the as deposited material represents the catalytically active catalyst. In case of
th CoOx for example, the potential decreased during the galvanostatic conditioning. This indicate
an activation process. How far the activation process is correlated to a change in the electronic
structure can be identified by measuring XPS after the electrochemical testing. Furthermore, XPS
measurements were performed for the MOx and MOx(OH)y films (M=Co, Ni) from before and
after the electrochemical treatment to understand the promoting effect of the hydroxide sites on
the electrochemical activity.
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Figure 8.40. IR corrected overpotentials at 10 mA/cm2 plotted for various catalyst films tested either in 1 M KOH or
0.1 M KOH.
In Chapter 9 I will discuss in detail the effect of the structural evolution of various single metal
oxide catalysts during oxygen evolution reaction on the electrochemical activity.
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9. Change of the catalyst’s oxidation state and its correlation to the activity
Over the past 50 years considerable research have been focused on the investigation of the redox
and electrocatalytic properties of transition metal oxides (see Chapter 3.3). The understanding of
the fundamental electrochemical processes is a valuable ingredient for the systematic design and
optimization of the catalysts. The characterization of the catalysts surface before and after the
OER provides information about the nature of the active surface sites.
9.1 CoOx and CoOx(OH)y: Co(III) as the active precursor oxidation state
To investigate the change of the oxidation state during the OER and its correlation to the
electrochemical activity, a modified test procedure was developed (Figure 9.1). Deviating from
the original test protocol, which is described in Chapter 6, no LSV was recorded and the
galvanostatic scan was performed immediately after the cyclic voltammetry followed by the surface
characterization with XPS. Optionally an additional CV was recorded after the galvanostatic
scan. Since the concentration of the electrolyte to be used was increased during the project from
0.1 M to 1 M KOH, some catalysts were tested first in 0.1 M and then in 1 M KOH or others
were directly tested in 1.0 M KOH. Nevertheless, all plots are given IR corrected to exclude the
influence of the electrolyte concentration. Parts of these results were already published. [138]
OCP 
(EIS) 
(CV with 10 mV/s) 
X-Ray Photoelectron 
Spectroscopy (XPS) 
GS at 10 mA/cm2 
CV with 10 
mV/s 
EC 1, 
EC n.. 
Test procedure 
Figure 9.1. Experimental procedure to investigate the change of the oxidation state during the OER.
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9.1.1 Thermally deposited th CoOx
The electrochemical characterization (EC) of th CoOx/Ti, which was already discussed in Chap-
ter 8.5, indicated the activation of the catalyst: the recorded cyclic voltammograms did not
superimpose but the second CV showed a higher current density than the first. Figure 9.2 presents
the series of cyclic voltammograms recorded for the as deposited th CoOx film and after several
conditioning steps. First, an electrochemical characterization, including the measurements of the
OCP, EIS and CV was performed in 0.1 M KOH with respect to the starting conditions defined
in the SuShy consortium (as deposited, red). Thereafter, the electrochemical characterizations
(EC 1, EC 2 and EC 3) were carried out after the previously presented test procedure (Figure 9.1)
in a technical relevant electrolyte concentration of 1 M KOH. The degradation test of EC 1 was
performed in the potentiostatic mode at a potential of 1.8 V vs. RHE (EC 1) for 2 min, since
this potential corresponds to the current density of 10 mA/cm2 in the recorded CV (EC1, blue).
The degradation tests of EC 2 and EC 3 however were performed in the galvanostatic mode at a
current density of 10 mA/cm2 for 10 min (EC 2) and 15 min (EC 3).
Figure 9.2 a shows, that the activity increases remarkably after the conditioning: Whereas the
as deposited film requires an overpotential of 0.57 V to reach a current density of 5 mA/cm2,
the CV recorded after 2 min of potentiostatic conditioning during EC1 shows already a reduced
overpotential of 0.42 V (blue). A further decrease of the overpotential is observed after ten
minutes of conditioning within the EC 3 to 0.41 V (green). The CV recorded right after the
15 min galvanostatic conditioning during EC 3 (orange) does not show a further improvement.
The catalytic improvement is reflected by the decrease of the onset potential from larger than
1.6 V vs. RHE (as deposited) to 1.53 V vs. RHE after an overall time of 12 min conditioning
(EC 1 and EC 2). Figure 9.2 b shows a dramatic increase in current density with time for the
potentiostatically performed conditioning during EC 1.
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Figure 9.2. CV scans of the as deposited th CoOx/Ti-S10 film (red), after 2 min of potentiostatic conditioning
(blue), after 10 min of galvanostatic conditioning (green) and after 15 min of galvanostatic conditioning (orange). b)
Potentiostatic scans of EC 1 (blue) and galvanostatic scans of EC 2 (magenta) and EC 3 (green).
This can be attributed to the oxidation of the carbon impurities as well as to the formation of
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an catalytically more active phase. Also the galvanostatic scan of EC 2 (Figure 9.2 b, magenta)
shows an increase in activity with decreasing potential. In contrast to this, the potential increase,
which occurred during the galvanostatic scan of EC 3 (Figure 9.2 b, green), indicates to the
degradation of the catalyst itself.
The comparison of the XPS results from before and after the EC tests show, that the increase in the
activity correlates with the decrease of the carbon content but also with the phase transformation
from an amorphous rock salt CoO to the crystalline spinel Co3O4. Table 9.1 summarizes the
atomic concentrations of Co, O, C and Ti, as well as the overpotential at 5 mA/cm2 and the
degradation slopes of the galvanostatic scans. The sample name th CoOxaECn denotes the XPS
characterization, which followed the respective electrochemical test (EC1, .., ECn). First, a
decrease in carbon content is evident. It reduces from 66.3% in the as deposited th CoOx/Ti
to 20.7 % in the conditioned th CoOxaEC1. A further decrease is observed from 20.7 % in
th CoOxaEC1 to 3.1 % in th CoOxaEC2. In agreement with the GS test of EC 3, the Ti 2p
substrate signal appears after conditioning, which indicates the dissolution of the catalyst.
Table 9.1. Atomic concentration of Co, O, C and Ti as well as the overpotential at 5 mA/cm2 and the slope of the
degradation tests reported for the as deposited th CoOx/Ti-S10 and after conditioning.
Sample Co O C Ti η at 5 mA/cm2 GS slope
[%] [%] [%] % V mV/s
th CoOx 7.5 26.2 66.3 0 0.57 -
th CoOxaEC1 28.4 50.9 20.7 0 0.42 PS
th CoOxaEC2 31.9 65.1 3.1 0 0.41 -3.8*10
−2
th CoOxaEC3 20.4 57.5 17.2 5.0 0.41 1.6*10
−2
The atomic concentration of oxygen within the layer increases during conditioning. The
oxygen uptake makes sense with regard to the structural change from CoO to Co3O4, which is
clearly observable in the Co 2p detail spectra. Figure 9.3 shows the XPS detail spectra of the
as deposited th CoOx/Ti sample and after 2 min (th CoOxaEC1), 12 min (th CoOxaEC2) and
27 min (th CoOxaEC3) of conditioning. The Co 2p line of the as deposited th CoOx/Ti shows
the characteristic Co(II) satellite at a distance of 6 eV and a Co 2p3/2 peak at a binding energy
of 780.36 eV, which fits well with the binding energy of CoO (See Chapter 8.3.3). The Co 2p line
of th CoOxaEC1 identifies the oxidation of Co(II) to Co(III) by the decreased intensity of the
Co(II)-satellite, the appearance of the Co(III)-satellite at around 789 eV and the binding energy
shift of the Co 2p3/2 peak from 780.4 eV to 779.6 eV. The calculated Co(III) content increases
with conditioning time from 0 % in the as deposited th CoOx/Ti to 77 % in the conditioned
th CoOxaEC3 (Table 9.2). The increase in the Co(III) content as well as the line shape changes
indicate the formation of a Co3O4 spinel under operating conditions. Starting from a thermally
deposited Co(II) oxide, a maximum Co(III) content of 77 % was realized in the electrochemically
formed Co3O4 during the OER.
Spectral differences can also be observed in the associated O 1s spectra. As previously discussed
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in Chapter 8.3.3 the O 1s line of a as deposited CoOx contains of two signals: A LBE signal and
a HBE signal. Whereby the LBE signal is assigned to the lattice oxygen, the HBE feature is
assigned either to oxygen defects or to hydroxide species. The here reported O 1s spectra all show
the LBE signal at 529.6 eV ± 0.3 eV representing the lattice metal bonded oxygen (M-O). The
O 1s spectrum of the as deposited th CoOx shows two additional peaks located at 531.7 eV and
at 533.8 eV. These are mainly attributed to water and COx adsorbed species, since also the C 1s
spectrum confirms the presence of C-O. With respect to the high degree of carbon contamination,
the O 1s spectrum can not be interpreted unambiguously. To discuss the change of the HBE
feature with respect to the formation of hydroxides during conditioning, one has to exclude the
carbon and titanium contributions to the O 1s spectrum. This has been done by creating O 1s
fits, whose intensity areas are constrained by the extracted components area representing C-O
or Ti-O species from the respective detail spectra (see Chapter 5.5). Unfortunately, this method
could not be successfully applied to the O 1s spectrum of the as deposited th CoOx due to the
high degree of unspecified contamination.
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Figure 9.3. XPS Co 2p, O 1s and C 1s details spectra of the as deposited th CoOx/Ti-S10 and after 2 min (aEC1),
12 min (aEC2) and after 27 min (EC3) of conditioning.
With regard to the mechanism of water splitting, the formation of different intermediates like
hydroxide-, oxyhydroxide- or peroxo-species is expected. The formation of such species would
manifest itself in the O 1s spectrum by an increase in the HBE feature. Table 9.2 lists the binding
energies of the Co 2p3/2 peak, the work function, the valence band maximum as well as the
calculated Co(III) content and the percentages of the O 1s features for the as deposited th CoOx/Ti
film and after several conditioning steps performed during the electrochemical characterization
EC 1, EC 2 and EC 3. Corresponding to the decrease in carbon content, the O 1s peak at a BE
of 533.8 eV vanished after conditioning. The O 1s spectrum of th CoOxaEC1 exhibits a HBE
feature of only 33.8 %, which can be either attributed to oxygen defects or to hydroxide moieties.
With further conditioning, the HBE feature decreases from 33.8 % in case of th CoOxaEC1 and
th CoOxaEC2 to 24.9 % for th CoOxaEC3.
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Table 9.2. Binding energies of the Co 2p3/2 peak, the work function, the valence band maximum as well as the calculated
Co(III) content and the percentages of the O 1s features reported for th CoOx/Ti-S10. All BEs are corrected for the
C 1s at 284.8 eV.
Sample Co(III) Co 2p3/2 O 1sLBE O 1sHBE VBM φ
[%] [eV] [%] [%] [eV] [eV]
th CoOx-S10 0 780.4 42.6 57.4 0.57 4.7
th CoOxaEC1 52.6 779.4 66.2 33.8 0.55 5.4
th CoOxaEC2 62.5 779.6 66.2 33.8 0.61 5.4
th CoOxaEC3 76.9 779.6 75.1 24.9 0.43 5
Additionally, the HBE feature shifts to 531.2 eV after 27 min of conditioning, which agrees
with the BE position of bulk cobalt hydroxide. Anyhow, a clear identification of hydroxide species
is not possible in this case and the catalysts surface is identified to be predominantly present in
the spinel structure. The electrochemical induced formation of a spinel Co3O4 surface is also
confirmed by the change of the valence band (Figure 9.4 a). The sharp increase in the intensity
of the characteristic Co 3d feature at a binding energy of 1.2 eV ± 0.1 eV identifies clearly the
presence of Co(III) after conditioning. In agreement with literature, the Co(II) feature at 2.3 eV
± 0.3 eV is not as pronounced. [110] Although the work function is reported for completeness in
Table 9.2, no statement can be derived from these values since the work function is influenced by
the leftover carbon contaminations and the high surface roughness.
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Figure 9.4. a) VB spectra of the as deposited th CoOx/Ti-S10 and after 2 min (aEC1), 12 min (aEC2) and 27 min
(EC3) of conditioning. b) XRD pattern of 27 min conditioned th CoOx/Ti.
In addition to the XPS investigation, the structural change was confirmed by recording a
XRD measurement of the electrochemical conditioned sample. The XRD pattern of th CoOxaEC3
(Figure 9.4 b) shows the reflexes of Co3O4 (JCPDS No. 74-2120) at 31.3˚ , 37˚ , 44.8˚ , 59.3˚ and
65.3˚ . [139]
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In summary, the XPS results clearly show that the CoO surface transforms to a Co3O4 spinel
phase under operating conditions. The formation of hyroxides is probable but not definite to
interpret from the O 1s spectra. Nevertheless, a clear correlation was found between the activity
and the oxidation state: The activity enhances with increasing Co(III) content. With regard to
the in literature proposed active OER redox couple Co(III)/Co(IV), the formation of a Co(III)
precursor state is indispensable. [140]
9.1.2 Plasma deposited pl CoOx
In contrast to thermally deposited th CoOx/Ti, the electrochemical conditioning did not have an
positive effect on the activity of pl CoOx/Ti. Figure 9.5 shows the CV curves of two pl CoOx/Ti
samples (S11 and S13) recorded in 1 M KOH. While the voltammetry of the thermal deposited
Co(II)Ox film changed with the transformation to the active spinel-type oxide catalyst within 27
min, the plasma deposited films achieve the highest activity already within the first CV. Further
conditioning has no positive effect on the catalytic activity. This observation makes sense if we
identify Co(III) as the active state for the OER. Unlike the th CoOx/Ti, in which the Co(III)
content increases with conditioning time, the as deposited pl CoOx/Ti films show already a Co(III)
content of about 60%. In correlation to this fact, the pl CoOx/Ti is more active right from the
beginning of the OER: a lower onset potential of 1.57 V vs. RHE and a considerably smaller
overpotential of 0.43 V at 2 mA/cm2 can be noted for the CVs of both pl CoOx/Ti samples (S11
and S13).
While in case of p CoOx/Ti-S11, the overpotential of the CV recorded after the galvanostatic
conditioning (blue) increases, no activity loss is observed for the CV of the pl CoOx/Ti-S13 film
after the GS test. Both, the CV recorded before and the CV recorded after the GS test, show an
overpotential of 0.43 V at a current density of 5 mA/cm2. The potential drop during conditioning
is plotted versus the time in Figure 9.5 c for both samples.
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Figure 9.5. a) CV scans of pl CoOx/Ti-S11 recorded for the as deposited sample in 1 M KOH (red) and after 15 min
conditioning (blue) and b) CV scans of pl CoOx/Ti-S13 recorded for the as deposited sample in 1 M KOH (red) and
after 15 min conditioning (blue). c) Galvanostatic scan of pl CoOx/Ti-S11 (red dashed line) and -S13 (red line).
The potential decay is with 2.5*10−5 V/s for pl CoOx/Ti-S11 and 2.3*10
−5 V/s for pl CoOx/Ti-
S13 in the same range as observed for th CoOxaEC3, which was found to be 1.6*10
−5 V/s.
Although the degradation slopes of p CoOx/Ti-S11 and -S13 are almost similar, the activity loss
is more pronounced in case of p CoOx/Ti-S11.
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With XPS it was proven, that the Ti 2p signal of pl CoOx/Ti-S11 only increases by 3.2 % and
therefore the activity drop cannot be attributed to the dissolution of the catalyst. Table 9.3
summarizes the atomic concentration of Co, O, C and Ti of the as deposited pl CoOx samples
(S11 and S13) and after conditioning pl CoOxaEC1. While the oxygen content remains unchanged,
a decrease of the cobalt concentration is observed accompanied with the increase of the carbon
content by 9.1 %. The increase in carbon indicates the poisoning of the catalyst by carbon
contaminations in the electrolyte solution. An increase in carbon within the pl CoOx/Ti films
was not systematically observed after conditioning. In case of sample pl CoOx-S13 for example,
no increase in the carbon content was found.
Table 9.3. Atomic concentration of Co, O, C and Ti as well as the overpotential at 5 mA/cm2 and the slope of the GS
for the as deposited pl CoOx-S11 and pl CoOxaEC1.
Sample Co O C Ti η at 5 mA/cm2 GS slope
[%] [%] [%] % V mV/s
pl CoOx-S11 34.4 53.2 12.5 0 0.45 2.5*10
−2
pl CoOxaEC1 23.1 52.2 21.6 3.2 0.54 -
pl CoOx-S13 34.5 50.6 14.6 0.3 0.45 2.3*10
−2
pl CoOxaEC1 23.8 59.7 11.7 4.7 0.45 -
Figure 9.6 presents the XPS detail spectra of the Co 2p3/2, the O 1s and the valence band
region for sample pl CoOx/Ti-S11 from before and after the galvanostatic conditioning. The
Co 2p3/2 lines of the as deposited pl CoOx and pl CoOxaEC1 reflect the typical line shape of
Co3O4 with the double peak feature of the main peak and the satellite structure of the oxidation
states Co(II) and Co(III). The O 1s of the as deposited pl CoOx line has also hardly changed
after conditioning. Both O 1s lines show the LBE signal at a binding energy of 529.7 eV, which
represents the lattice oxygen within the oxide and the HBE feature, which is attributed to oxygen
defects and hydroxide moieties.
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Figure 9.6. XPS Co 2p, O 1s and C 1s details spectra of the as deposited pl CoOx/Ti-S11 and after 15 min of
conditioning (aEC1).
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The O 1s spectrum of the 15 min conditioned sample exhibits an additional feature at a
binding energy of 533 eV, which can be assigned to adsorbed water. Since the HBE signal at
531.3 eV slightly decreases during conditioning by 6.8 %, the electrochemical induced formation
of additional hydroxide sites on the catalysts surface can be ruled out. Also the valence band
spectra of the as deposited and the conditioned film do not show a significant change, both exhibit
the characteristic Co(III) 3d feature at 1.3 eV ±0.1. Also the binding energy of the Co 2p3/2
peak, the work function or the valence band maximum do not show any significant change after
conditioning (Table 9.4). It can be summarized that the pl CoOx/Ti films seem to operate in a
spinel-type active phase under operating conditions similar to thermally deposited th CoOx/Ti
and that the formation of hydroxides or oxyhydroxides cannot be clearly identified.
Table 9.4. Binding energies of the Co 2p3/2 peak, the work function, the valence band maximum and the maximum
intensity as well as the calculated Co(III) content and the percentages of the O 1s features of pl CoOx/Ti-S11. All BEs
are corrected for the C 1s at 284.8 eV of adventitious carbon.
Sample Co(III) Co 2p3/2 O 1sLBE O 1sHBE VBM IVBM φ
[%] [eV] [%] [%] [eV] [eV] [eV]
pl CoOx-S11 63 779.5 66.6 33.4 0.36 1.3 4.8
pl CoOxaEC1 77 779.5 71.8 28.2 0.39 1.2 4.9
The XPS results show that the Co(III) content in the initial state of the pl CoOx (60-62 %)
correspond to the 12 min conditioned th CoOxaEC2 (62 %). Furthermore, the electrochemical
activity is comparable. Whereas pl CoOx requires an overpotential of 0.45 V at 5 mA/cm
2,
th CoOxaEC2 needed 0.41 V. This supports our argumentation that the oxidation state of the
CoOx catalyst is correlated to the electrochemical activity.
9.1.3 Plasma deposited pl CoOx(OH)y
The oxide surfaces of thermally and plasma deposited CoOx showed only a low ability to form
hydroxides and oxyhydroxides. But since the reaction mechanism of the OER proposes the
formation of different intermediates like hydroxides, oxyhydroxides or oxyperoxides before molecular
oxygen can be released, one would expect to identify different intermediates on the catalysts
surface after the OER. The superior electrochemical activity of air deposited pl CoOx(OH)y was
already addressed in Chapter 8.5.
Figure 9.7 a presents the CV of pl CoOx(OH)y-S57 recorded in 1 M KOH. It shows the lowest
overpotential of 0.35 V at a current density of 5 mA/cm2 and a steep increase in the current
density. At 10 mA/cm2 only an overpotential of 0.37 V is required. There was no further increase
in activity observed during the potentiostatic conditioning at 1.6 V vs. RHE but a current drop of
2.4*10−4 mA/cm2s (Figure 9.7 b).
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Figure 9.7. a) CV scans of pl CoOx(OH)y-S57 (red) and of Ti (black) recorded in 1 M KOH. b) Potentiostatic scan of
pl CoOx(OH)y-S57 (red) performed at a potential of 1.59 V vs. RHE.
The atomic concentration of Co, O, C and Ti of the as deposited pl CoOx(OH)y/Ti-S57 and
the conditioned pl CoOx(OH)yaEC1 are listed in Table 9.5. While the atomic percentages of Co
and O increases by 2.3 % and 9.1 %, the carbon content decreases from 34.1 % to 14 %. The
percentage of Ti increases by only 2.7 %. Since the cobalt content even increases within the layer,
the appearance of the substrate signal is attributed to the removal of only the carbon impurities
and not the catalyst itself.
Table 9.5. Atomic concentration of Co, O, C and Ti as well as the overpotential at 5 mA/cm2 and the slope of the PS
test for the as deposited pl CoOx(OH)y (S57) and pl CoOx(OH)yaEC1.
Sample Co O C Ti η at 5 mA/cm2 PS slope
[%] [%] [%] % V mA/cm2s
pl CoOx(OH)y-S57 23.9 48 34.1 0 0.36 2.36*10
−4
pl CoOx(OH)yaEC1 26.2 57.1 14 2.7 - -
Figure 9.8 presents the detail spectra of the Co 2p, O 1s and the valence band region of the
as deposited catalyst and after 5 min of conditioning. The Co 2p3/2 spectra clearly show the
oxidation of the Co(II) to Co(III) by the binding energy shift of the Co 2p3/2 peak from 780.6 eV
to 780.1 eV and by the change of the satellite structure. The Co(II) satellite, which is positioned
at a distance of 5.5 eV in case of the as deposited pl CoOx(OH)y, vanishes after conditioning
whereas a new satellite appears at a distance of 10 eV, which confirms the formation of the Co(III)
oxidation state. The calculated Co(III) content increases from 0 % in the as deposited sample to
91 % after conditioning (Table 9.6). The O 1s spectrum of the as deposited pl CoOx(OH)y/Ti-S57
shows two predominant peaks: The LBE feature at 529.7 eV and the HBE feature at 531.6 eV.
These BE values are consistent with the one reported for CoO and Co(OH)2. The valence band
confirms Co(II) as initial oxidation state since the characteristic intense Co(III) 3d feature is only
observed after conditioning. The O 1s spectrum after conditioning is consistent with the one
reported for CoO(OH). The LBE feature representing lattice oxygen is shifted towards a higher
BE whereas the HBE feature shifts towards a lower BE value. Furthermore, the LBE/HBE peak
ratio of 0.8 is close to the ratio of 1, which is characteristic for CoO(OH).
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Figure 9.8. XPS Co 2p, O 1s and C 1s details spectra of the as deposited pl CoOx(OH)y-S57 and after 5 min of
conditioning (aEC1).
Table 9.6 lists the electron binding energies for all peak fits of the O 1s line and their ratio
of the as deposited and the conditioned catalyst. Associated with the appearance of the Co(III)
satellite in the Co 2p spectrum and the unique intensity ratio of the O 1s features characteristic
for CoO(OH), the valence band shows the Co(III) 3d feature at 1.4 eV. Accompanying with the
electrochemical induced transformation of Co(II)Ox(OH)y to Co(III)O(OH) the valence band
maximum shifts from 0.3 eV to 0.7 eV and the work function increases from 3.9 eV to 5.6 eV.
Table 9.6. Binding energies of the Co 2p3/2 peak, the work function, the valence band maximum as well as the calculated
Co(III) content and the percentages of the O 1s features of as deposited pl CoOx(OH)y/Ti-S57 and after conditioning
pl CoOx(OH)yaEC1 . All BEs are corrected for the C 1s at 284.8 eV of adventitious carbon.
Sample Co(III) Co 2p3/2 O 1sLBE O 1sHBE VBM φ
[%] [eV] [%] [%] [eV] [eV]
pl CoOx(OH)y-S57 0-10 % 780.7 40.8 59.2 0.3 3.9
pl CoOx(OH)yaEC1 91 780.1 45.5 55.5 0.7 5.6
In contrast to th CoOx/Ti and pl CoOx/Ti, which was found to operate in a spinel structure
under operating conditions, the XPS results show that the superior electrochemical activity of in
air deposited pl CoOx(OH)y/Ti is related to a change in oxidation state from Co(II) to Co(III)
and to the surface transformation from a not well defined Co(II)Ox(OH)y film to the active
precursor phase Co(III)O(OH).
9.1.4 Discussion
Although the DFT calculations of Rossmeisl and Man et al. consider the oxidation of Co(II) to
Co(III) accompanying the formation of a superoxy-type (-OOH) intermediate as the difficult step
in the water splitting reaction instead of the formation of an oxyhydroxide (-O(OH)) species, our
findings agree with the hypothesis that the formation of the Co(III) oxidation state presents a
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critical role and might be the limiting factor. [20] Our results clearly show that with increasing
Co(III) content, the catalytic activity is strongly improved and that the ability to transform
into the highly active CoO(OH) precursor phase does depend on the surface structure of the
as deposited film and with this on the preparation method. Figure 9.9 a shows the correlation
between the atomic concentration of Co(III) and the resulting overpotential at a current density
of 10 mA/cm2. The overpotential decreases with increasing Co(III) content. While in case of the
spinel-type CoOx surfaces a Co(III) content of maximum 75 % could be realized after conditioning
due to the Co(II)/Co(III) ratio being limited by the spinel structure, the Co(III) oxidation state
was stabilized best in form of the CoO(OH) precursor phase with a content of larger than 90 %
after conditioning of CoOx(OH)y.
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Figure 9.9. a) Atomic concentration of Co(III) plotted versus the overpotential at a current density of 10 mA/cm2 of
various thermally and plasma deposited CoOx samples (black) and CoOx(OH)y samples (red). b) Schematic illustration
of the hypothesized OER mechanism of CoOx(OH)y.
With respect to the proposed active redox couple Co(III)/Co(IV) for the OER, Co(III) presents
the necessary active site on the surface. Since the Co(IV) state may only be present under operation
conditions, it is not possible to directly observe the Co(IV) species by measuring XPS after the
conditioning. Nevertheless, EPR spectroscopy provided the evidence of Co(IV) species for the
oxygen evolution reaction studying cobalt oxide/hydroxide precipitate films, also known as Co-Pi
catalysts. [7,141] The Co-Pi catalysts are prepared by the potential controlled electrolysis of Co(II)
salts in phosphate buffer at pH 7 at a potential of 1.3 V vs. NHE. [7, 142] The catalytically active
Co-Pi films exhibit EPR signals for both oxidation states: Co(II) and Co(IV). When the deposition
voltage was raised into the potential region of the water oxidation, an increase of the Co(IV)
population was observed and a decrease of the Co(II) population. [141] Based on these findings,
Co is suggested to undergo the oxidation from Co(II)-Co(III)-Co(VI)-Co(II) during OER. Co(II)
is regenerated in the last step when oxygen is produced from the Co(IV) oxo species. [7] There are
also literature reports identifying the Co(IV) oxidation state by its redox peak at around 1.38 V
vs. RHE in the cyclic voltammogram recorded in 0.1 M NaOH at 300 mV/s for a polycrystalline
Co electrode. [61] The redox peak of Co(IV) was reported to become more predominant with an
appreciable film thickness of CoO(OH), which forms at a potential of around 0.97 V vs. RHE. [61]
Surprisingly, almost no Co(II) species were found on the catalysts surface after the conditioning in
101
our studies. Therefore, contrary to the catalytic mechanism of the Co-Pi catalyst, where Co(II) is
regenerated from the Co(IV) centers when oxygen is released, the OER mechanism suggested for
the CoOx(OH)y only involves the contribution of the Co(III)/Co(IV) redox couple as illustrated
in Figure 9.9 b.
9.2 NiOx and NiOx(OH)y: Ni(II)/Ni(III) as the active redox couple
9.2.1 Plasma deposited pl NiOx
Similar to the results of PECVD deposited pl CoOx samples, the galvanostatic conditioning did
not have a positive effect on the activity of pl NiOx. Figure 9.10 presents the CV of a pl NiOx-Ni6
film recorded in 1 M KOH and after 5 min of galvanostatic conditioning. The first CV recorded for
the as deposited pl NiOx-Ni6 sample (red) agrees with the one recorded after the GS test (blue).
In both cases an overpotential of 0.45 V is requires to achieve a current density of 5 mA/cm2. The
positive degradation rate of 5.8*10−5 V/s and the appearance of the substrate Ti 2p signal after
the conditioning indicate the dissolution of the pl NiOx sample during the GS test (Figure 9.10 b).
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Figure 9.10. a) CV scans of as deposited pl NiOx/Ti-Ni6 (red) and after 5 min conditioning (blue) as well as of Ti-foil
(black) recorded in 1 M KOH with a scan rate of 10 mV/s. b) Galvanostatic scan of EC 1 (red) performed at 10 mA/cm2
in 1 M KOH.
Table 9.7 summarizes the atomic concentration of Ni, O, C and Ti from before and after the
conditioning of pl NiOx/Ti.
Table 9.7. Atomic concentration of Ni, O, C and Ti as well as the overpotential at 5 mA/cm2 and the slope of the GS
for the as deposited pl NiOx/Ti-Ni6 film and the 5 min conditioned sample pl NiOxaEC1.
Sample Ni O C Ti η at 5 mA/cm2 GS slope
[%] [%] [%] % V V/s
pl NiOx 30.5 48.6 20.9 0 0.45 5.8*10
−6
pl NiOxaEC1 26.2 52.8 14.5 6.5 0.45 n.r.
Figure 9.11 shows the associated XPS detail spectra of the Ni 2p, the O 1s and the VB
region of the as deposited pl NiOx/Ti-Ni6 sample and the conditioned one (pl NiOx/TiaEC). The
electronic structure of the as deposited pl NiOx was already discussed in detail in Chapter 8.4.3.
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The Ni 2p line of pl NiOx/Ti is located at a binding energy of 854.5 eV and shows the unique
multiplet splitting of NiO, which is neither present for Ni(OH)2 nor for NiO(OH). [124] The
O 1s spectrum of pl NiOx/Ti consists of a LBE feature at a binding energy of 530.1 eV, which
is assigned to the lattice oxygen and a HBE feature at a binding energy of 531.5 eV, which is
attributed to hydroxide moieties and oxygen defects. The O 1s fit (red) at BE of 532.3 eV is
attributed to carbon species including C-O and C=O. Since the C 1s spectrum is similar to the
one reported for pl CoOx/Ti, it is not shown separately. The VB spectrum provides the intense
characteristic 3d feature at a binding energy of 2.1 eV and a less intense feature at 4 eV, which
are attributed to localized Ni 3d states in NiO. [132]
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Figure 9.11. XPS Ni 2p, O 1s and VB detail spectra of the as deposited pl NiOx-Ni6 sample and after 5 min of
conditioning (aEC1). The Ti-O fit (blue) and C-O fit (red) represent the contribution of TiO2 and C-O species like C=O
and C-O to the O 1s spectrum.
After 5 min of galvanostatic conditioning, the Ni 2p3/2 line does not show anymore the distinct
peak feature located at 854.5 eV, which is characteristic for NiO. The resulting asymmetric shape
of the Ni 2p3/2 main peak as well as the increase of the HBE feature from 19 % to 30 % in the O 1s
spectrum identify the formation of hydroxide species as either Ni(OH)2 or NiO(OH). Probably, a
mixed Ni(OH)2/NiO(OH) is formed. The valence band confirms the partial transformation of
NiOx to NiO(OH) by the decrease in intensity of the Ni 3d feature at 2.1 eV.
To further clarify the differences in the electronic structure, a difference spectrum between the
as deposited NiOx and the galvanostatically conditioned NiOxaEC is calculated. An excerpt
of the difference spectrum is shown enlarged in the Ni 2p3/2 spectrum in blue. It shows the
appearance of a new Ni 2p signal at 856.0 eV identifying the formation of either Ni(OH)2 or
NiO(OH) sites. The disappearance of the oxide multiplet splitting feature at 854.5 eV in the
difference spectrum confirms the partial transformation of NiOx to Ni(OH)2/NiO(OH). Table 9.8
lists the binding energies of the Ni 2p3/2 peak, the work function, the valence band maximum as
well as the percentages of the HBE and the LBE features.
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Table 9.8. Binding energies of the Ni 2p3/2 peak, the work function, the valence band maximum as well as the percentages
of the O 1s features of pl NiOx-Ni6 and of NiOxaEC1. All BEs are corrected for the C 1s at 284.8 eV of adventitious
carbon.
Sample Ni 2p3/2 O 1sLBE O 1sHBE VBM φ
[eV] [%] [%] [eV] [eV]
pl NiOx 854.5 81 19 1.3 4.3
pl NiOxaEC1 856.0 70 30 1.3 5.3
In conclusion, the asymmetric Ni 2p3/2 line positioned at 856.0 eV as well as the increase of the
HBE feature suggest the transformation of NiOx into Ni(OH)2/NiO(OH) under OER conditions.
The potential dependent transformation of NiOx to a layered (oxy)hydroxide was reported several
times in literature. [5, 11,71]
9.2.2 Plasma deposited pl NiOx(OH)y
As discussed in Chapter 8.6, the air deposited pl NiOx(OH)y/Ti film shows an superior electro-
chemical activity than pl NiOx/Ti. Figure 9.12 a compares the CVs recorded for the as deposited
pl NiOx(OH)y-Ni9, after 10 min (EC1) and after 5 min (EC2) of galvanostatic conditioning
performed at 10 mA/cm2 in 1 M KOH. The as deposited pl NiOx(OH)y/Ti sample needs an
overpotential of only 0.37 V at a current density of 5 mA/cm2 (red). The overpotential is slightly
reduced to 0.35 V in the CV recorded after 10 min of galvanostatic conditioning (blue). The
positive effect of conditioning is also reflected by the negative degradation slope of -2.1*10−5 V/s
found in the GS test (Figure 9.12 b, red). Furthermore, the appearance of the redox wave
attributed to the oxidation of Ni2+ → Ni3+ in the cyclic voltammogram after 10 min conditioning
indicate a potential dependent change of the oxidation state. This redox wave was not observed in
the cyclic voltammogram of the conditioned pl NiOx/Ti. The second galvanostatic conditioning
step performed during EC 2 did not have a positive effect on the activity, a degradation slope of
1.22*10−5 V/s is observed.
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Figure 9.12. a) CV scans of as deposited pl NiOx(OH)y/Ti-Ni9 (red), after 10 min (blue) and after 5 min of
galvanostatically conditioning (magenta) as well as of Ti (black). b) Galvanostatic scans of EC 1 (red) and EC 2 (blue)
performed at 10 mA/cm2 in 1 M KOH.
In agreement with the results of the GS tests, the Ti 2p substrate signal is absent in the XPS
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investigation after the first conditioning (EC 1), but it appears after the second conditioning (EC 2).
Table 9.9 summarizes the atomic concentration of Ni, O, C and Ti as well as the overpotential at
5 mA/cm2 and the slope of the GS scan for the as deposited pl NiOx(OH)y-Ni9 sample and after
conditioning.
Table 9.9. Atomic concentration of Ni, O, C and Ti as well as the overpotential at 5 mA/cm2 and the slope of the GS
scan for the as deposited pl NiOx(OH)y-Ni9 and the conditioned pl NiOxaEC1 and pl NiOxaEC2.
Sample Ni O C Ti η at 5 mA/cm2 PS slope
[%] [%] [%] % V V/s
pl NiOx(OH)y 27 61 12 0 0.37 -2.1*10
−5
pl NiOx(OH)yaEC1 32 38 30 0 0.35 1.22*10
−5
pl NiOx(OH)yaEC2 23 46 25 5 0.37 n.r.
As already discussed in Chapter 8.4.3, the electronic structure of the as deposited pl NiOx(OH)y
is not as definite to interpret as the spectrum of a well defined NiOx. The XPS detail spectra of
the Ni 2p3/2, the O 1s and the VB region of as deposited pl NiOx(OH)y/Ti and after conditioning
are shown in Figure 9.13.
Since the BE of Ni(OH)2 and NiO(OH) are located close together, the line shape has to be used for
identification. The Ni 2p3/2 line of the as deposited pl NiOx(OH)y-Ni9 sample has an asymmetric
shape and a maximum peak position of 855.8 eV. Also the intense Ni 3d state feature at 2.4 eV,
which is characteristic for NiO, is absent in the valence band. [132] Although this confirms the
deposition of a NiO(OH)/Ni(OH)2 phase, the presence of NiOx in the as deposited films cannot
be ruled out completely. The O 1s line of as deposited pl NiOx(OH)y shows the HBE signal at a
binding energy of 531.4 eV and the LBE signal at a binding energy of 530 eV.
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Figure 9.13. XPS detail spectra of the Ni 2p, O 1s and VB region of the as deposited pl NiOx/Ti-Ni9 sample, after 10
min (aEC1) and after 15 min (aEC2) of galvanostatic conditioning. The Ti-O fit (blue) and C-O fit (red) in the O 1s
spectrum represent the contribution of TiO2 and C-O species like C=O and C-O to the O 1s line.
The HBE feature is about 50 % of the O 1s area and can be clearly assigned to the presence
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of hydroxide species. The LBE feature of 50 % is ascribed to metal bonded oxygen within a
regular oxide crystal (O2−). With respect to the asymmetric shape of the Ni 2p3/2 peak and
the difference spectrum, which confirmed that NiOx can only be present in small amounts, the
LBE feature is mainly assigned to NiO(OH). The shape of the Ni 2p3/2 line changes during
the galvanostatic conditioning: The FWHM decreases and the maximum peak position shifts
by 0.2 eV to a lower BE. In contrast to the asymmetric shape of the Ni 2p3/2 peak of the as
deposited pl NiOx(OH)y, the Ni 2p3/2 spectrum of 15 min conditioned pl NiOx(OH)yaEC2 shows
one predominant symmetric peak at a BE of 855.6 eV with a FWHM of about 2.2 eV, which
agrees well with the one reported for Ni(OH)2 in literature. The O 1s spectrum confirms the
formation of Ni(OH)2 by the increase of the HBE feature from 50 % to 75 % after the second
galvanostatically conditioning performed during EC2.
Whereas the Ni 2p spectrum is in good agreement with those reported in literature for pure
Ni(OH)2, the presence of the LBE feature of 25 % in the O 1s line is attributed to metal bonded
oxygen. The LBE feature can be assigned to a small amount of NiO(OH). The presence of NiO
can be ruled out since the multiplet feature at 854.6 eV and the intense Ni 3d feature at 2.1 eV
are not observed. [127]
In agreement with the findings of Diplas et al., who reported the valence bands of NiO, Ni(OH)2
and NiO(OH), the Ni 3d features of Ni(OH)2 and NiO(OH) are shifted towards higher binding
energies and are broader compared to NiOx. [132] Table 9.10 lists the calculated area percentages
of the LBE and the HBE features as well as the BE of the VBM an the work function of as
deposited NiOx(OH)y films and after conditioning.
Table 9.10. Binding energies of the Ni 2p3/2 peak, the work function, the valence band maximum as well as the
percentages of the O 1s features of pl NiOx(OH)y-Ni9. All BEs are corrected for the C 1s at a BE of 284.5 eV of
adventitious carbon.
Sample Ni 2p3/2 O 1sLBE O 1sHBE VBM φ
[eV] [%] [%] [eV] [eV]
pl NiOx(OH)y 855.8 50 50 1.0 3.4
pl NiOx(OH)yaEC1 855.6 28 72 0.9 3.8
pl NiOx(OH)yaEC2 855.6 25 75 1.1 4.9
In conclusion, the increase of the HBE feature, the BE shift of the Ni 2p3/2 main peak from
855.8 to 855.6 eV and the decrease in the FWHM identify the presence of Ni(OH)2 after the
galvanostatic conditioning.
9.2.3 Discussion
The complex interfacial redox chemistry of transition metal oxides is commonly known and often
discussed in literature. The electrochemical induced oxidation of a polycrystalline Ni electrode to
a complex NiO/Ni(OH)2 film is known to occur in the potential range between -0.1 V to 0.3 V
vs. RHE. The further oxidation to NiO(OH) is observed at potentials between 1.3 V to 1.5 V
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vs. RHE in 1 M NaOH. [31, 61] The in-situ transformation of NiOx to the catalytically active
Ni(OH)2/NiO(OH) phase requires a long and tedious conditioning. [71] Trotochaud et al. reported
for example the conversion of a spin-cast NiOx to Ni(OH)2/NiO(OH) to occur within 6 hours
of galvanostatic conditioning at 10 mA/cm2. [5] But ultimately, the here presented PECVD
prepared NiOx, which transformed partly to a NiOx/NiO(OH) within 5 min, also end up as a
Ni(OH)2/NiO(OH) mixture after a sufficient time of galvanostatic conditioning.
In contrast to NiOx, we found that PECVD deposited NiOx(OH)y transforms quickly already
within the first CV to the active Ni(OH)2/NiO(OH) precursor phase and the electrochemical
activity is enhanced. The XPS results show, that the enhanced activity is related to the amount
of hydroxide moieties on the electrodes surface: the higher the content of hydroxide moieties, the
more accelerated is the conversion to the active precursor phase and the lower is the resulting
overpotential. Figure 9.14 plots the overpotential as a function of the amount of the HBE feature.
Stern et al. studied the electrochemical properties of NiOx in comparison to nanoparticular
Ni(OH)2. They also found, that NiOx needs a long conditioning time to transform into the
active precursor phase while the Ni(OH)2 films showed the highest activity already from the
beginning. [71] Our results confirm the hypothesis of Stern et al. that hydroxide functional groups
on the electrodes surface may accelerate the formation of the active precursor phase. [71] To our
knowledge, this is the first time, that PECVD deposited NiOx(OH)y films with different content
of hydroxide moieties are systematically investigated. We report a clear correlation between the
overpotential and the surface functionality.
With respect to the strong oxidative conditions during the galvanostatic conditioning at 10 mA/cm2
the question arises why Ni(OH)2 is identified as dominating phase in XPS after conditioning.
For sure, the Ni(OH)2 sites undergo an oxidation to Ni(III) at potentials above 1.43 V, which is
identified by the redox wave in the CV of NiOx(OH)y (Figure 9.12). Assuming a further oxidation
of Ni(III) to Ni(IV), the dominating presence of Ni(OH)2 after conditioning suggests the recovering
of Ni(II) after the oxygen release by Ni(IV) under operating conditions. Figure 9.14 b gives a
schematic illustration of the hypothesized mechanism.
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Figure 9.14. a) Plot of the overpotential as a function of the percentage of the HBE feature of NiOx(OH)y/Ti and
NiOx films. b) Schematic illustration of the hypothesized catalytic OER mechanism of NiOx(OH)y/Ti.
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The formation of a formal Ni(IV) oxidation state during OER is widely discussed in literature.
[143, 144] Bediako et al. for example found an average oxidation state of +3.6 by correlating
coulometric measurements with X-ray absorption near-edge structure spectra. As a conclusion
it seems probable that the Ni(III)/Ni(IV) redox pair represents the actual active state under
operating condition. The decomposition of the NiO(OH) phase after switching off the potential
can be ruled out since the electrochemical deposited NiO(OH) phase is reported to be stable
and is subsequently characterized for example with XRD and XPS. [71,127,145–147] From the
discussion above and for the cobalt oxides/hydroxides in the previously discussion it comes clear,
that the development of an in-situ ambient pressure XPS technique is indispensable to identify
the active oxidation state under operating conditions.
Nevertheless we could show, that the as deposited NiOx(OH)y was found to be the better starting
material, since the electrochemical transformation to the active phase is favored and therefore
the activity is enhanced from the start of the OER. The results clearly show that the presence of
hydroxide sites on the catalyst surface enhances the possibility to transform to the active phase
and promote the catalytic activity.
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10. Preparation and characterization of bimetallic metal oxide catalysts
Chapter 10 deals with the preparation and characterization of the bimetallic oxide catalysts
CoMOx/Ti and CoMOx(OH)y/Ti (M=Ni, Fe, Cu). Since the intensively optimized deposition
parameters of the pure pl CoOx and pl CoOx(OH)y films were taken for the deposition of the
bimetallic catalysts, the optimization of the deposition itself is not part of the discussion. The
results focus on the investigation of the resulting composition (Chapter 10.1) as well as on the
electronic structure (Chapter 10.2) and its influence on the electrochemical activity (Chapter 10.3).
Although at the beginning of this project the development of CoNi-, CoFe- and CoNiFe-catalysts
were considered, the most effort has been devoted to the development of CoNi-catalysts, since the
admixture of Fe turned out to have no positive effect in case of NiFeOx. The PECVD deposition
of NiFeOx was investigated in a Master thesis within this project. [122] Hence, the preparation
and characterization of PECVD deposited NiFeOx will not be discussed, only the electrochemical
results are shown for comparison.
10.1 Decomposition of the precursors: Composition and morphology
As a first strategy to deposit pl CoNiOx films, the Ni(acac)2 precursor was introduced into the
reaction chamber by evaporation without using a carrier gas (setup C). Table 10.1 lists the
deposition parameters of the differently prepared CoNiOx/Ti samples. In fact, the optimized
preparation parameters of pure pl CoOx/pl CoOx(OH)y films were taken for the deposition of
the bimetallic catalysts.
Table 10.1. Preparation parameters of the PECVD deposition of pl CoNiOx/Ti using the experimental setup C and
the with XPS determined atomic concentrations of Co and Ni within the catalyst films. The deposition parameters of
samples CoNi5,-6,-7 are not listed since the deposition was not successful.
Sample TSub TPrec TPrec fAr fO2 tDep pproc d Co Ni
[˚ C] [˚ C] [˚ C] [sccm] [sccm] [min] [mtorr] [cm] [%] [%]
CoNi1 230 180 180 200 200 7 1410 13.5 62 38
CoNi2 260 180 180 200 200 7 1240 13,5 20 80
CoNi3 260 180 180 200 200 20 1180 13.5 51 49
CoNi4 260 180 170 200 200 20 1240 13.5 21 79
CoNi8 250 180 190 100 100 15 1570 13.5 71 29
CoNi9 250 180 200 200 100 15 1540 13.5 82 18
CoNi10 250 180 200 200 200 15 1440 13.5 53 47
The atomic concentrations of Co and Ni are determined from the intensity ratio of the
Ni 2p3/2/Co 2p3/2 peaks with XPS. The overall composition including the atomic concentration of
Co, Ni O, C and Ti of the CoNiOx/Ti samples is shown in Figure 10.1 a. Except of sample CoNi4,
the atomic concentrations of carbon and oxygen vary between 20-25 % and 40-50 %, which is
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similar to the carbon and oxygen content in the PECVD deposited pl CoOx (15-20 % C, 40-50 %
O) and pl NiOx (20-30 % C, 40-50 % O) samples. In analogy to the pure metal oxides, the C 1s
spectra, which are shown in Figure 10.1 b, exhibit C-O species like C=O, C-O and C-C/C-H.
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Figure 10.1. a)Atomic concentration of various components (Co, Ni, O, C, O and Ti) within different pl CoNiOx/Ti
films. b) C 1s detail spectra of pl CoNiOx samples CoNi-1, -3, -8 and -10.
As expected, the HREM images of PECVD deposited pl CoNiOx/Ti do not show any special
morphological differences. Figure 10.2 compares the image of sample CoNi3 with the clean
titanium foil. Similar to the HREM images of pl CoOx, the morphology agrees with the one of
the plain titanium foils but the surface appears smoother after the deposition.
 
Ti foil etched 0.25 mm 
Figure 10.2. HREM images of samples pl CoNiOx/Ti-CoNi3 and of the clean Ti foil.
Afterwards the precursor inlet of Ni was equipped with a carrier gas supply (setup D),
CoNiOx(OH)y/Ti films with different Ni contents were deposited using air as a reactive gas.
Table 10.2 lists the deposition parameters and the percentages of Co and Ni. As for the deposition
of the pure metal oxides, the carbon content is slightly increased to 20-30 % within the layer
when air is used as a reactive gas. Furthermore, the C 1s spectra show an increased amount of
C=O relatively to C-O. Due to the similarities, there is no need to discuss the C 1s spectra and
the resulting composition in detail. The Ti substrate signal varied between 1-2 %. Although the
carrier gas flow of the Ni precursor line was increased for the deposition of sample CoNi12, the
resulting Ni content is lower compared to sample CoNi11. This has to be attributed to a blocking
of the precursor supply line by condensed Ni(acac)2 as it was observed several times.
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Table 10.2. Preparation parameters of the PECVD deposition of CoNiOx(OH)y/Ti using the experimental setup D.
Sample TSub TPrec TPrec fN2,Co fN2,Ni fAir tDep pproc d Co Ni
[˚ C] [˚ C] [˚ C] [˚ C] [sccm] [sccm] [min] [mtorr] [cm] [%] [%]
CoNi11 260 180 220 200 20 200 30 2680 13.5 67 33
CoNi12 260 180 220 200 40 300 30 3010 13,5 89 11
CoNi13 260 180 220 200 60 600 30 3830 13.5 37 63
GIXRD measurement of PECVD deposited pl CoNiOx(OH)y films were not conducted since
they did not give any valuable results for pl CoOx and pl CoOx(OH)y samples. All as deposited
samples were X-ray amorphous.
10.2 Differences in electronic structure compared to the pure metal oxides
10.2.1 PECVD of pl CoNiOx and pl CoNiOx(OH)y
The electronic structure of the catalysts was examined with XPS. Figure 10.3 shows the Co 2p3/2,
Ni 2p3/2 and O 1s detail spectra of pl CoNiOx/Ti films. As discussed for the O 1s spectra of
pure metal oxides, the HBE feature at a BE of 531.3-531.5 eV is generally assigned to surface
hydroxides, oxygen defects and C-O species. The LBE feature representing lattice oxygen is found
at a BE of 529.7 ±0.1 eV in CoNiOx for all samples (CoNi1- CoNi10).
Interestingly, the Co 2p3/2 spectra of all PECVD deposited pl CoNiOx films show a satellite
structure at a distance of 6 eV to the main peak, which identifies Co(II) as the predominant
oxidation state. In contrast to this, the Co 2p3/2 spectrum of pure PECVD deposited pl CoOx
(S13, red) exhibits the satellite structure of both oxidation states, Co(II) and Co(III), identifying
the structure of spinel-type. With a BE position of the main peak of 780.2 eV and the satellite
structure at a distance of 6 eV to the main line, the Co 2p3/2 spectra of CoNiOx agree with the
one reported for th CoOx (S10, red), which indicates the deposition of CoO.
Also the Ni 2p3/2 spectra of the pl CoNiOx films differ from the one of pure pl NiOx (Ni6, red).
The characteristic multiplet structure of NiO at a BE of around 854.4 eV is not as pronounced in
the Ni 2p spectra of the pl CoNiOx films as for pure pl NiOx. In addition, the peak at a BE of
855.8 eV identifies the presence of either NiO(OH) or Ni(OH)2. Sample CoNi1 shows even an
asymmetric shape of the Ni 2p line as observed for in air deposited pl NiOx(OH)y (Ni9, red).
All in all, the double peak structure of the Ni 2p lines identify a superimposition of different
compounds like NiO and NiO(OH) or Ni(OH)2.
Nickel cobaltite has been widely studied with XRD, Mo¨ssbauer spectroscopic techniques and also
with XPS. [148–151] Contradictory to our findings, the Co 2p spectrum of NiCo2O4, which was
prepared by a low temperature combustion method, shows clearly the dominating presence of
the Co(III) oxidation state. [150] Interestingly, the Ni 2p spectrum of NiCo2O4 does not show
the multiplet feature which is characteristic for Ni(II) in NiO. [148] Instead the Ni 2p3/2 line is
composed of a symmetric peak at a BE of 854.5 eV and an associated satellite structure at a BE
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of 861.3 eV. [150] Kim et al. compared the XPS spectra of NiCo2O4 synthesized by a sol-gel route
and by thermal decomposition of cobalt and nickel nitrates. [148] They report a BE of 780.1 eV for
the Co 2p3/2 peak and a flat, weak satellite structure, which indicate that only few Co
2+ cations
occupy octahedral sites whereas the majority of the cobalt cations are found in the octahedral
sites as Co3+. [148] Nickel cations are reported to mainly occupy the octahedral sites in NiCo2O4
as Ni2+. The Ni 2p3/2 is positioned at a BE of 854.9 eV spectrum like in NiO and the intense
satellite structure of high spin Ni2+ is reported. [148]
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Figure 10.3. XPS Co 2p3/2, Ni 2p3/2 and O 1s detail spectra of the as deposited pl CoNiOx samples (CoNi1, CoNi3,
CoNi8 and CoNi10). For comparison, the Co 2p and Ni 2p detail spectra of pure pl CoOx-S13, th CoOx-S10, NiOx-Ni6
and NiOx(OH)y-Ni9 are shown in addition.
The XPS detail spectra of the Co 2p3/2, Ni 2p3/2 and O 1s region of the pl CoNiOx(OH)y
samples are presented in Figure 10.4. The intense satellite structure at 786.3 eV shows, that the
majority of the Co cations are present as Co(II) in all samples (CoNi11-13). Since air is used as a
reactive gas, the Co 2p3/2 appears at a BE of 780.5-781 eV with a satellite structure at a distance
between 5.3-5.7 eV suggesting the presence of Co(OH)2 and CoO.
The electronic structure of Ni differs, while the maximum intensity of the Ni 2p3/2 peak is in
case of CoNi11 at a BE of 854.7 eV as observed for NiO, the Ni 2p3/2 peak of CoNi13 has its
maximum intensity at 856.1 eV indicating the presence of either NiO(OH) or Ni(OH)2. Anyhow,
the Ni 2p spectra are not easy to assign and suggest the deposition of a mixture of NiO(OH),
Ni(OH)2 and NiO.
The O 1s peak of lattice oxygen is positioned at a BE of 529.9±0.1 eV for all pl CoNiOx(OH)y/Ti
films (CoNi11-13). The presence of hydroxide moieties is only clearly identified for pl CoNiOx(OH)y
films CoNi12 and CoNi13 by the increased HBE feature at a BE of 531.7 eV. The HBE fea-
ture is about 62 % of the total O 1s line (excluding C-O and Ti-O contributions) in case of
pl CoNiOx(OH)y-CoNi13 and about 36 % in case of pl CoNiOx(OH)y-CoNi12. The O 1s spectrum
of pl CoNiOx(OH)y-CoNi11 exhibits a HBE feature of only 23 %. Hence, the majority of Co and
Ni has to be present as CoO and NiO in pl CoNiOx(OH)y-CoNi11.
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Figure 10.4. XPS Co 2p3/2, Ni 2p3/2 and O 1s detail spectra of the as deposited pl CoNiOx(OH)y samples (CoNi11,
CoNi12, CoNi13).
Neither the use of air as a reactive gas nor the use of oxygen as a reactive gas results in the
deposition of a bimetallic CoNiOx film. The XPS characterization suggests the deposition of an
undefined mixture of CoO/Co(OH)2 and NiO/NiO(OH)/Ni(OH)2. From the previous discussion it
becomes clear, that the XPS detail spectra of the PECVD deposited CoNiOx and CoNiOx(OH)y
films are highly complex and difficult to interpret.
It was reported earlier, that NiCo2O4 needs to be deposited in a low temperature process since it
is thermally and structurally unstable at temperatures above 400 C˚ at atmospheric pressure. [150]
Verma et al. for example synthesized NiCo2O4 by the thermal combustion reaction of Co and
Ni nitrates at 200 C˚ for 4 h, which was followed by an 4 h annealing at either 300 C˚ or 400 C˚.
Whereas the XRD patterns of samples annealed at 300 C˚ showed a pure spinel phase, additional
reflexes corresponding to NiO or CoO appeared when the samples were annealed at 400 C˚. [150]
To our knowledge, there are no literature reports about the low-temperature PECVD deposition
of NiCo2O4 but previous researchers successfully deposited off-stoichiometric Ni-Co-O spinels by
radio-frequency (RF) cosputtering from CoO and NiO targets and by reactive sputtering from
alloyed metal targets. [152–155] McCloy et al. for example deposited NiCo2Ox films on cleaned Si
substrates using RF reactive magnetron sputtering at a substrate temperature of 300 C˚ using a
mixture of 50 % Ar/50 % O2 gas at a partial pressure of 5 mTorr. [154]
Unfortunately we can not report the successful deposition of bimetallic CoNi- catalyst phases
with PECVD. Our XPS results indicate, that the formation of pure metal oxide phases are
thermodynamically favored using an inductively coupled N2/O2 plasma in the pressure regime
between 1000-3000 mtorr and substrate temperatures between 230-260 C˚.
10.2.2 PECVD of pl CoFeOx(OH)y and pl CoCuOx(OH)y
Based on the electrochemical characterization, which will be discussed in Chapter 10.3, we focused
on the deposition of CoMOx(OH)y since these were more active. The XPS detail spectra of
PECVD deposited pl CoFeOx(OH)y/Ti are not shown since no relevant changes were observed in
the electronic structure: The Co 2p3/2 spectra of the pl CoFeOx(OH)y/Ti samples agree with
those reported for pl CoNiOx(OH)y/Ti indicating the deposition of CoO/Co(OH)2. The Fe 2p3/2
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spectrum is similar to the one reported for pl FeOx. Table 10.3 lists the preparation parameters
of pl CoFeOx(OH)y/Ti samples.
Table 10.3. Preparation parameters of PECVD deposited pl CoFeOx(OH)y/Ti using the experimental setup D.
Sample TSub TPrec TPrec fN2,Co fN2,Fe fAir tDep pproc d
[˚ C] [˚ C] [˚ C] [˚ C] [sccm] [sccm] [min] [mtorr] [cm]
CoFe81 260 180 185 200 20 200 30 2730 13.5
CoFe82 260 180 190 200 20 200 30 2590 13.5
During the SusHy project, the incorporation of Cu as a second metal was decided. Table 10.4
summarizes the deposition parameters of pl CoCuOx(OH)y/Ti. Since CuOx itself was not de-
posited and characterized, the Cu 2p spectrum of sample pl CoCuOx(OH)y-CoCu98 is shown as
an example in Figure 10.5.
Table 10.4. Preparation parameters of the PECVD deposited pl CoCuOx/Ti films using either oxygen (CoCu95) or
air (CoCu96) as a reactive gas and of thermally deposited th CoCuOx/Ti (CoCu97). All samples are deposited in the
experimental setup D. In case of sample CoCu98 no XPS measurement was conducted.
Sample TSub TPrec,Co TPrec,Cu fN2,Co fN2,Cu fO2 fAir tDep pproc Co Cu
[˚ C] [˚ C] [˚ C] [˚ C] [sccm] [sccm] [sccm] [min] [mtorr] [%] [%]
CoCu95 260 180 190 200 30 500 0 40 3450 77 23
CoCu96 300 180 190 200 30 0 500 40 2640 45 55
CoCu98 260 180 190 200 30 0 200 30 2750 - -
CoCu97 460 180 190 200 30 100 0 30 4730 87 13
The primary peak of the Cu 2p3/2 line is located at a BE of 932.4±0.1 eV, which agrees well
with the BE reported for Cu2O and Cu. [156] Cu2O and Cu are not distinguishable by a chemical
shift of the BE but by a different position of their LMM-2 Auger transition. The peak of the
Auger transition at a BE of 570 eV, which is shown in Figure 10.5 b, reveals the deposition of
Cu2O. [157]
The less intense peaks are attributed to the presence of CuO and Cu(OH)2. The Cu 2p3/2 peak
of CuO and Cu(OH)2 are typically located at higher BE of 933.6 eV and of 934.8 eV. [156] In
addition, the main peak of CuO is accompanied by a satellite feature at a BE distance of 9 eV.
Since Cu2O has a fully occupied d shell, no O-Cu 3d charge transfer is possible and the satellite is
absent. [157] The Co 2p3/2 spectrum of pl CoCuOx(OH)y-CoCu98/ is similar to the one reported
for pl CoNiOx(OH)y and pl CoFeOx(OH)y.
Contradictory to our findings, Cu cations are present as Cu2+ in CuCo2O4. Liu et al. synthesized
CuCo2O4 by thermal combustion of Cu and Co nitrates and confirmed the structure of spinel
with XRD. They identified Cu2+ as the predominant species in XPS by the Cu 2p3/2 peak at a
BE 934.4 eV, which is higher in BE compared to Cu2+ in CuO. [158, 159] It can be concluded
that also in case of PECVD prepared pl CoFeOx and pl CoCuOx(OH)y the XPS results suggest
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the deposition of a mixture of single metal oxide phases.
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Figure 10.5. a) XPS detail spectrum of the Cu 2p
3/2 region of pl CoCuOx(OH)y/Ti-CoCu98. b) The extract of the
survey spectrum shows the auger transition LMM-2.
Also the thermal operation mode did not offer an alternative to deposit a homogeneous
bimetallic oxide catalyst. The XPS spectra of th CoCuOx(OH)y (CoNi97) matches the one
reported for PECVD deposited pl CoCuOx(OH)y.
In literature, the actual low temperature deposition reaction is always followed by an 4-6 hour
annealing procedure at temperatures between 300-400 C˚. [37, 150,152,159,160] Verma et al. for
example synthesized NiCo2O4 at a temperature of 200 C˚. After keeping the temperature constant
for 4 h, the samples were annealed at 300 C˚ for 4 h. [150] The solvothermal synthesis of CuCo2O3,
which was performed at 150 C˚ for 3 h, was followed by a 2 h annealing at 300 C˚ and NiCo2Oy was
annealed for 24 h at 320 C˚. [159,160] One can assume, that in case of PECVD deposited catalyst
films a subsequent annealing would have resulted in a bimetallic catalyst phase but this was not
the aim of this work. A solar device cannot be annealed for several hours at temperatures above
200 C˚. Hence, a subsequent annealing procedure was not included in the deposition procedure.
10.3 Electrochemical characterization
10.3.1 Open circuit potential and electrochemical impedance spectroscopy
Although the experimentally determined open circuit potential does not give any valuable infor-
mation, some values of differently prepared CoMOx and CoMOx(OH)y (M=Ni Cu) are plotted in
Figure 10.6 a. There is neither a correlation found between the OCP and the resulting overpotential
nor between the OCP and the atomic concentration of the second metal. The potential range of
the OCP agrees with the one observed for the pure metal oxides and varies between 0.55- 1.2 V.
Independent of the catalysts composition, the electrolyte resistance is 6.5 ±1 Ohm in case of
1 KOH and 48.9 ±1.5 Ohm in case of 0.1 M KOH.
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Figure 10.6. a) Plot of the OCP of CoMOx/Ti and CoMOx(OH)y/Ti (M=Ni Cu) recorded in 1 M KOH as a function
of the overpotential at a current density of 2 mA/cm2. b) RE plotted for various pl CoNi- and pl CoCu- catalysts.
10.3.2 Cyclic voltammetry and galvanostatic polarization: Determination of the
activity and stability
Figure 10.7 shows the cyclic voltammograms of pl CoNiOx and of pl CoNiOx(OH)y samples in
comparison to the most active pl CoOx, pl CoOx(OH)y, pl NiOx and pl NiOx(OH)y samples.
First it can be noticed, that none of the bimetallic catalysts is as active as the pure pl CoOx(OH)y
and pl NiOx(OH)y samples. Except of sample pl Co62%Ni38%Ox-CoNi1 all CoNiOx films showed
an even lower electrochemical activity than the pure metal oxides. The CoNiOx(OH)y films,
which were deposited with air as a reactive gas, show overall lower overpotentials compared to the
CoNiOx films deposited with oxygen as a reactive gas. To figure out the influence of adding Ni to
pl CoOx(OH)y on the activity, pl CoNiOx(OH)y films with different Ni contents were deposited.
But no correlation between the Ni content and the activity could be found.
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Figure 10.7. Cyclic voltammograms of a) pl CoNiOx films (CoNi1-black, CoNi3-red, CoNi8-green, CoNi10-magenta), b)
pl CoNiOx(OH)y films (CoNi11-black, CoNi12-red, CoNi13-green) and c) pl CoCuOx(OH)y (CoCu88-black), th CoCuOx
(CoCu97-red), pl CoCuOx (CoCu95-blue), pl CoFeOx(OH)y (CoCu80-magenta). All cyclic voltammogrames were
recorded with a scan rate of 10 mV/s in 1 M KOH, only samples CoNi1 and CoNi3 were tested in 0.1 KOH.
The fact that the onset potentials of all catalysts are in a similar range and that only the
increase in the current density differs suggest even more that two separate phases are deposited
instead of a real bimetallic CoNi-oxide. Also the addition of Cu or Fe did not improve the catalytic
activity of pl CoOx(OH)y. Sample pl Co67%Cu33%Ox(OH)y-CoCu88 represents the most active
bimetallic catalyst with an overpotential of 0.4 V at a current density of 10 mA/cm2 and an onset
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potential similar to the one of pure pl CoOx(OH)y.
Figure 10.8 provides an overview of the overpotentials reported at a current density of 10 mA/cm2
for different catalysts with a layer thickness of at least 100 A˚. In conclusion, the admixture of a
second metal did not result in an increased activity of the PECVD deposited catalysts. The cyclic
voltammograms of the bimetallic catalysts show a deteriorated increase in current but a similar
onset potential compared to the single metal catalysts.
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Figure 10.8. IR corrected overpotentials at a current density of 10 mA/cm2 plotted for various bimetallic catalyst films
tested either in 1 M KOH or 0.1 M KOH in comparison to the once of the pure catalyst films.
Figure 10.9 shows the degradation slopes, which were obtained from the 5 min GS test
performed at a current density of 10 mA/cm2 in 1 M KOH.
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Figure 10.9. Degradation slopes of various bimetallic catalyst films derived from the GS tests.
The degradation slopes are comparable to the ones reported for the single metal oxide catalysts.
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Pl CoNiOx-CoNi10 for example shows with a value of 6.2*10
−5 V/s a similar degradation slope
as pl NiOx (6.4*10
−5 V/s) and the degradation slopes of the samples pl CoNiOx(OH)y-CoNi11
and -CoNi13 are comparable to the ones reported for pl CoOx(OH)y and pl NiOx(OH)y. The
electrochemical results confirm which was already suggested from the XPS results. There was
rather a complex mixture of CoO/Co(OH)2 and NiO/NiO(OH)/Ni(OH)2 deposited instead of a
real bimetallic NiCo2O4 catalyst film.
To further clarify the catalysts nature, XPS measurements were conducted after the electrochemical
characterization since the comparison of the catalysts composition from before and after the
electrochemical test can give a hint if there are separate phases existing which degrade differently.
Figure 10.10 compares the catalysts composition from before and after the electrochemical
characterization. The different relative loss of Co and Ni can be assigned to the separate
degradation of the coexisting pure metal oxide catalysts. In case of samples pl CoNiOx-CoNi1
and -CoNi10 for example, the relative loss of Co is about 39 % and 37 % whereas the relative loss
of Ni is only about 9 % and 19 %. With this, the PECVD deposited Co phase seems to be less
stable compared to the Ni phase in pl CoNiOx and pl CoNiOx(OH)y films. Only in case of sample
CoNiOx(OH)y-CoNi13 the relative percentages of Co and Ni increased due to the degradation of
carbon impurities indicating a certain stability. The admixture of Cu does not have a negative
effect on the stability of the Co phase. The pl CoCuOx(OH)y-CoCu88 film shows a Cu loss of
100 % whereas the relative Co loss is only about 17 %. The fact, that the degradation slope of
pl CoCuOx(OH)y-CoCu88 agrees with the one reported for pl CoOx(OH)y and that no Cu is
found after the electrochemical test indicate that the main catalyst loss have to occur already
during the CV. Therefore the galvanostatic scan itself represent the stable catalyst phase which
emerged after the CV. Otherwise a stronger gradient in the GS test should be observed.
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Figure 10.10. Comparison of the catalysts composition (Co, Ni/Cu, O, C, Ti) detemined with XPS from before and
after the electrochemical characterization.
This means that in case of sample pl CoCuOx(OH)y-CoCu88 an only 1.3 nm thin pl CoOx(OH)y
film operates as a catalyst during the galvanostatic polarization. The results of the electrochemical
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test in combination with the XPS characterization show that the deposition of a bimetallic catalyst
phase was not successful and, therefore, no activity enhancement is observed.
10.4 Change of the oxidation state of Co and Ni in CoMOx and CoMOx(OH)y
The electrochemical induced change of the catalysts surface structure and the accompanied change
of the oxidation state has already been discussed in Chapter 9 for differently prepared Co and Ni
catalysts. Figure 10.11 compares the XPS spectra of the most active bimetallic CoNi catalyst
(Co37%Ni63%Ox(OH)y-CoNi13) with the XPS data after a galvanostatic conditioning of 5 min.
The Co 2p3/2 peak matches with the one reported for in air deposited pl CoOx(OH)y. It is
located at a BE of 780.9 eV and the Co(II) satellite is observed at a distance of 5.1 eV identifying
Co(OH)2. The characteristic satellite of CoO is typically positioned at a distance of 6 eV to the
main peak. In agreement with published results on pl CoOx(OH)y, the Co(OH)2 sites transform
to the active CoO(OH) precursor phase during OER. The structural change is confirmed by the
shift of the Co 2p3/2 peak to a lower energy of 780.3 eV and the appearance of the Co(III) satellite
at a distance of 10 eV after the electrochemical test. [138] The intensity of the Co(II) satellite is
decreased for Co37%Ni63%Ox(OH)yaEC.
The Ni 2p3/2 peak is located at 856.0 eV with a FWHM of 2.8 eV, which agrees with the BE
position and the FWHM reported for in air deposited pl NiOx(OH)y (856.0 eV; 2.7 eV).The
oxidation states of different Ni species are not as easy to distinguish by their satellite structure as
those of Co. Hence, the Ni 2p line shape has to be used for identification as described for the
investigation of pl NiOx and pl NiOx(OH)y. For a further validation of the Ni 2p line shape
component fits have to be defined for Ni(OH)2 and NiO(OH). For this purpose, the Ni 2p line of the
as deposited NiOx(OH)y/Ti-Ni9 was used as a NiO(OH) reference line shape, since the LBE:HBE
ratio of 53:47 and the asymmetric of the Ni 2p peak are closest to the literature values. The line
shape of the electrochemical conditioned NiOx(OH)y-Ni9 was used to construct the line shape
representing Ni(OH)2. Figure 10.11 shows the fitted Ni 2p3/2 spectrum of Co37%Ni63%Ox(OH)y-
CoNi13 using the component line shape fits for NiO(OH) (red) and Ni(OH)2 (blue). All in all
the component fit provide a good description of the Ni 2p3/2 spectrum (green) and suggest the
coexistence of NiO(OH) and Ni(OH)2. Also the valence band does not show the characteristic
Ni 3d feature of NiO (Figure 10.13). The increase of the Ni(OH)2/NiO(OH) component fit ratio
from 0.3 for the as deposited film to 1.0 after the conditioning shows the in part conversion of
NiO(OH) to Ni(OH)2 during conditioning.
As found for the pure CoOx(OH)y and NiOx(OH)y, the O 1s spectrum exhibits a LBE feature of
38 % relative intensity, which is attributed to lattice oxygen in NiO(OH) and a HBE feature of 62 %
relative intensity, which is assigned to M-OH in Co(OH)2, Ni(OH)2 and NiO(OH). The amount
of the LBE feature increases from 38 % in the as deposited film to 44 % after the galvanostatic
conditioning. This is mainly attributed to the formation of CoO(OH) since Co is mainly found as
Co(III) after the electrochemical test. Table 10.5 summarizes the calculated areas of the LBE and
the HBE features excluding the contribution of the C-O and Ti-O species.
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Figure 10.11. XPS details spectra of the Co 2p, Ni 2p and O 1s region of as deposited Co37%Ni63%Ox(OH)y/Ti and
after the electrochemical test.
While the Co-sites in pl CoNiOx(OH)y/Ti seem to behave similar to the Co sites in pure
pl CoOx(OH)y, differences are observed for the Ni sites. The XPS results of pure pl NiOx(OH)y
suggested, that the Ni(OH)2 sites are oxidized to the active NiO(OH) during OER and that
Ni(OH)2 recovers after the oxygen release from NiO(OH). The Ni sites in the bimetallic catalyst
only show a low ability to recover Ni(OH)2, a Ni(OH)2/NiO(OH) component fit ratio of only 1 was
determined after the electrochemical characterization, which identifies the coexistence of NiO(OH)
and Ni(OH)2 in a similar ratio after the conditioning. Compared to this, a Ni(OH)2/NiO(OH)
ratio of 4 was calculated for the pure NiOx(OH)y sample. Recent results published by Trotochaud
et al. have already hypothesized a negative influence of Co on the formation of the active layered
Ni hydroxide phase, which forms during the galvanostatic conditioning at 10 mA/cm2. [5] Also
the XPS detail spectra of Co67%Cu33%Ox(OH)y-CoCu88 show that Co(II) undergoes an oxidation
to Co(III) and the LBE/HBE ratio of 58:42 suggest the formation of CoO(OH) (Figure 10.12).
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Figure 10.12. XPS details spectra of the Co 2p3/2, Cu 2p3/2 and O 1s region of as deposited Co67%Cu33%Ox(OH)y/Ti-
CoCu88 and after the conditioning of 5 min.
Whereas Co can transform to its active precursor phase, Cu2O completely dissolves and no
Cu is found after the electrochemical characterization in the Cu 2p3/2 spectrum. Hence, the
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electrochemical activity is only attributed to pl CoOx(OH)y and the formation of CoO(OH).
Table 10.5 lists the Co(III), the HBE and the LBE contents as well as the BE position of the
Co 2p3/2 peak, the VBM and the work function. Both catalysts show an increased work function
after the electrochemical test, which matches to the ones reported for the conditioned pure
pl CoOx(OH)y and pl NiOx(OH)y samples.
Table 10.5. Binding energies of the Co 2p3/2 peak, the work function, the valence band maximum as well as the
calculated Co(III) content and the percentages of the O 1s features. All binding energies are corrected for the C 1s at
284.5 eV.
Sample Co(III) Co 2p3/2 O 1sLBE O 1sHBE VBM φ
[%] [eV] [%] [%] [eV] [eV]
pl Co37%Ni63%Ox(OH)y 0 780.9 38 62 0.6 4.3
pl Co37%Ni63%Ox(OH)yaEC 75 780.2 44 56 0.6 5.7
pl Co67%Cu33%Ox(OH)y 0 780.3 40 60 0 4.5
pl Co67%Cu33%Ox(OH)yaEC 84 780.2 58 42 0.9 5.8
Figure 10.13 shows the valence band spectra of sample pl Co37%Ni63%Ox(OH)y-CoNi13 and of
sample pl Co67%Cu33%Ox(OH)y-CoCu88 from before and after the 5min galvanostatic conditioning
in 1 M KOH. The valence band maximum of the as deposited pl Co37%Ni63%Ox(OH)y-CoNi13
does not change after the electrochemical test and is with a value of 0.6 eV in the region of the
VBM reported for pl CoOx(OH)y.
8 6 4 2 0
as dep.
aEC
VB
In
te
ns
ity
/ a
rb
. u
ni
t
Binding Energy (eV)a)
Co37%Ni63%Ox(OH)y
8 6 4 2 0
Co67%Cu33%Ox(OH)y
Co(III) 3d
Cu 3d
aEC
In
te
ns
ity
/ a
rb
. u
ni
t
Binding Energy (eV)
as dep.
b)
VB
 NiOx(OH)y
         NiO x
VB
M
/ e
V
Co/ %c)
Figure 10.13. Valence band spectra of a) pl Co37%Ni63%Ox(OH)y-CoNi13 and b) pl Co67%Cu33%Ox(OH)y-CoCu88
from before and after the electrochemical characterization in 1 M KOH. c) VBM of various catalysts in dependence on
the Co content.
Figure 10.13 c shows the VBM in dependence on the percentage of Co. The pure pl CoOx(OH)y
films have a Co content of 100 % and the pl NiOx(OH)y/pl CuOx(OH)y films have a Co content
of 0 %. The admixture of Cu leads to a decrease in intensity at the VBM for the as deposited
pl CoCuOx(OH)y samples. After Cu is dissolved, the VBM is increased due to the dominating
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presence of pl CoOx(OH)y/Ti. Sample pl Co67%Cu33%Ox(OH)y-CoCu88 for example shows a
VBM of 0.9 eV after the GS test and the appearance of the characteristic Co(III) 3d feature where
as the Cu 3d feature is vanished.
All in all the results indicate that the Co sites can transform to the active CoO(OH) precursor phase
even in the presence of other metal oxide phases. Furthermore the detailed XPS investigations
confirm the suggestion, that a mixture of separate catalyst phases are deposited by PECVD
instead of one bimetallic catalyst phase. It can be concluded, that the parameter window, which
is limited by the experimental setup to a certain pressure and flow regime, is not sufficient to
deposit homogeneous bimetallic catalyst phases.
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11. Conclusion and outlook
In this thesis a plasma enhanced chemical vapor deposition system could be successfully established
to deposit sytematically thin film cobalt based oxide catalysts for the electrochemical oxygen
evolution reaction (OER), for the first time.
First, the deposition of cobalt oxide was investigated in detail. It was found, that especially the
operation mode (thermal versus plasma) and the choice of reactive gas (oxygen versus air) have
an high impact on the resulting structure and electrochemical activity of the deposited catalysts.
The thermal CVD process offered the possibility to deposit th CoOx as structure of rock salt
(CoO) with an argon/oxygen ratio of 1 at substrate temperatures between 350-450 C˚. The most
active th CoOx required an overpotential of 0.43 V to reach a current density of 10 mA/cm
2.
With respect to the future goal to deposit the catalyst films directly onto a solar device, the
plasma enhanced operation mode was investigated to realize the successful deposition at lower
substrate temperatures. Operating in the plasma enhanced mode, the deposition of pl CoOx
as structure of spinel has been found even at substrate temperatures between 180-260 C˚ using
an argon/oxygen ratio of 1. The electrochemical performance of pl CoOx was optimized with
respect to various preparation parameters as the substrate temperature, the layer thickness and
the precursor temperature. The most active pl CoOx required an overpotential of 0.43 V to
reach a current density of 10 mA/cm2 and was deposited at a substrate temperature of 250 C˚, a
precursor temperature of 180 C˚ and an argon/oxygen ratio of 1.
To gain a further insight into the OER mechanisms, the catalysts surface was characterized
with XPS before and after the electrochemical test. With respect to the reaction mechanism
proposed in literature, the formation of different intermediates like hydroxides, oxyhydroxides
and peroxohydroxides on the surface is expected. [20, 21, 55] In fact, the XPS results identify only
a minor formation of hydroxide moieties on the oxide surfaces after the OER. Indeed, a slight
hydroxide formation can be identified, but the surface of th CoOx and pl CoOx are predominantly
present as structure of spinel after the OER with a maximum Co(III) content of 75 %. While
the surface of th CoOx undergoes an oxidation from CoO to Co3O4 during OER, pl CoOx was
already deposited as structure of spinel. Since the catalytic activity of th CoOx and pl CoOx
could not be further optimized by varying the substrate temperature, precursor temperature, the
argon/oxygen ratio or the deposition time, pl CoOx(OH)y was investigated as a starting material
for the OER.
The deposition of a mixed pl CoOx(OH)y film was realized using air as a reactive gas. To be
more precise, the detailed XPS investigation showed that the use of air lead to the deposition of a
CoO/Co(OH)2 mixture. The presence of hydroxide moieties in the starting material enhanced the
catalytic activity drastically. The most active pl CoOx(OH)y required an overpotential of only
0.33 V to reach a current density of 10 mA/cm2. By characterizing the catalysts surface after the
electrochemical characterization, it could be proven, that the improved catalytic performance of
pl CoOx(OH)y catalyst’s based on the ability to transform to a CoO(OH) phase during OER.
The pl CoOx(OH)y films, which had a Co(II) content of larger than 95 % in the initial deposited
catalyst showed a Co(III) content of larger than 90 % after the galvanostatic conditioning. An
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important correlation between the oxidation state and the overpotential was found by calculating
the Co(III) content of differently prepared th CoOx, pl CoOx and pl CoOx(OH)y films: With
increasing Co(III) content, the overpotential decreases. All in all, three important relationships
were derived by characterizing the catalysts surface from before and after the electrochemical char-
acterization with XPS: (i) Co(III) is identified as the active precursor oxidation state, (ii) Co(III)
is stabilized best as CoO(OH) and (iii) the presence of hydroxide moieties support the potential
induced formation of the CoO(OH) phase. [138]
Since there is no Co(II) observed after the galvanostatic conditioning at 10 mA/cm2 of pl CoOx(OH)y,
the results promote the hypothesis that the active redox couple is Co(III)/Co(IV). To really
identify Co(IV) an in-operando XPS technique would be necessary in future. One can assume that
also the pl CoOx surface will slowly convert to Co(OH)2, which finally is able to form a CoO(OH)
phase. But the phase transformation starting from a pure oxide surface is kinetically hindered
and takes therefore more time.
The same observations were made for pl NiOx, which was deposited using oxygen as a reactive
gas and pl NiOx(OH)y, which was deposited with air as a reactive gas. While pl NiOx required
an overpotential of 0.45 V to achieve a current density of 10 mA/cm2, pl NiOx(OH)y required
only 0.37 V. The electrochemical characterization of PECVD deposited pl NiOx(OH)y films with
different content of hydroxide moieties showed a clear correlation between the overpotential and
the type of surface modification: The higher the content of hydroxide moieties, the lower is the
resulting overpotential. Although the formation of NiO(OH) can be identified from a specific
redox wave in the cyclic voltammetry and NiO(OH) is proposed in literature as the catalytically
active and stable phase under operating conditions, the XPS results show the presence of both
oxidation states, Ni(II) and Ni(III), after the electrochemical test. This observation is in contra-
diction to the result found for CoOx(OH)y, where only Co(III) was clearly detectable after the
electrochemical characterization. As for CoO(OH), NiO(OH) is proposed in literature to operate
with Ni(III)/Ni(IV) as the active redox couple for the OER. [143,144] The predominant presence
of Ni(II) in form of Ni(OH)2 after the electrochemical test suggests the recovering of Ni(II) after
the oxygen release by Ni(IV) under operating conditions. An analog mechanism was proposed
for the well known CoPi catalyst by Surendranath. [140] They found the oxidation of Co(II) to
Co(III) in the presence of phosphate by EPR and XANES as well as the further oxidation to
Co(IV) during the OER . [140,161] They also claimed that Co(II) is formed in the last reaction
step when oxygen is released. [7, 140]
In addition to the deposition of single metal oxides and oxide/hydroxides an attempt was made to
prepare bimetallic catalysts by PECVD. Bimetallic transition metal oxides are found in literature
to be more active than the corresponding single metal compounds. [35,36,40,162] However, we
did not observe an electrochemical superior performance for CoMOx and CoMOx(OH)y films
(M=Ni, Fe, Cu). The bimetallic Co67%Cu33%Ox(OH)y film, which was deposited at a substrate
temperature of 260 C˚ showed the best performance with an overpotential of 0.4 V at a current
density of 10 mA/cm2. The XPS characterization, which was performed after the electrochemical
test, showed that the metals degraded independent of each other to different extends. In case
of Co67%Cu33%Ox(OH)y for example, there was no more copper present within the film after
the electrochemical characterization. Therefore, the activity was only related to a 1.3 nm thin
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pl CoOx(OH)y film. Also in case of Co62 %Ni38%Ox, the metal phases degraded independent from
each other. While the Co content decreased by 39 %, a relative Ni loss of only 9 % was detected
after OER. The results indicate that probably two separate metal catalyst phases were deposited
by PECVD instead of one bimetallic catalyst phase. Only sample Co37%Ni63%Ox(OH)y did not
show a significant and independent metal loss after OER in XPS. These results indicate that
it is not sufficient to adopt the preparation parameters of the single metal oxide catalyst. The
deposition of bimetallic oxide catalysts will have to be studied more intensively in future.
With respect to the undefined catalyst’s composition and the complexity of the XPS spectra,
it was difficult to study the influence of the different metals on the electronic structure in the
bimetallic catalysts. Nevertheless an attempt was made to understand the interaction of Ni and
Co within Co37%Ni63%Ox(OH)y, since this catalyst film was stable. From the XPS spectra it could
be deduced, that the CoOx(OH)y phase within Co37%Ni63%Ox(OH)y was able to transform to
CoO(OH) during OER analog to the phase transition of single metal CoOx(OH)y. The Ni 2p3/2
spectrum of Co37%Ni63%Ox(OH)y recorded after the electrochemical characterization differed
from the one of single metal NiOx(OH)y. Contradictory to single metal NiOx(OH)y, in which
Ni(OH)2 was found as the predominant phase after the OER, a high content of NiO(OH) was
detected after the OER in case of Co37%Ni63%Ox(OH)y. These observations indicate that the
recovering of Ni(OH)2 from NiO(OH) is disturbed when oxygen is released. All in all the XPS
characterization from before and after the electrochemical test show the importance of investigating
the compositional changes occurring under operating conditions and that one cannot just correlate
the electrochemical activity to the composition and structure of the initial as deposited catalyst.
Although the electrochemical activity could not be enhanced by depositing bimetallic catalyst
films, the performance of the single metal pl CoOx(OH)y films was remarkable and therefore of
interest as catalyst for the solar water splitting device, which was established by Evonik. As a
final result it should be noted, that the deposition of the most active catalyst on highly porous Ni
foams as anode materials could be successfully realized. The CoOx(OH)y/Nifoam film, which was
tested by the group of Prof. Schuhmann (University of Bochum), required an overpotential of only
0.31 V to reach a current density of 10 mA/cm2. Unfortunately, the adhesion of the catalyst film
on the Ni foam turned out to be not sufficient, a degradation slope of 0.318 mV/h was determined
from the galvanostatic scan performed for 48 h in 1 M KOH at a current density of 10 mA/cm2.
Further investigations must focus on the improvement of the catalysts adhesion on the Ni-foam.
In addition the admixture of a second metal to deposit a bimetallic catalyst phase should be
further investigated. The deposition of a bimetallic oxide catalyst would allow to study the effect
of a second metal on the electronic state of Co in more detail and may lead to even more active
electrocatalysts for the oxygen evolution reaction.
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A. Appendix
Preliminary experiments performed in a tube-oven
During the construction work of the PECVD system, a tube-oven was used to perform CVD
experiments as described many times in literature. [163, 164] The substrate is placed within a
quartz glass tube in the tube-oven. Figure A.1 shows a schematic illustration of the experimental
setup. The advantage of using this simple CVD setup is that four substrates can be deposited
at the same time. Therefore, the preliminary experiments were directed towards the deposition
of CoOx films onto various substrates like silicium, indium-tinn oxide, nickel and titanium. The
disadvantage of this simple setup is that the precursor flow can not be separately controlled and
the layer thickness can only be poorly adjusted.
Figure A.1. Schematic illustration of the experimental CVD setup consisting of a tube oven, a quarz tube, a vacuum
pump and a gas inlet.
At the beginning, crystalline CoOx films were deposited. XPS measurements showed that CoOx
was deposited as structure of spinel. The crystallite size seems slightly decreased in case for Co3O4
deposited on p-Si. While the Co3O4 film deposited on ITO is homogeneously and smooth, the
film deposited onto Ni shows a certain roughness as found for the plain Ni-foil.
Co3O4/ITO Co3O4/p-Si Co3O4/Ni 
Figure A.2. SEM images of Co3O4 deposited onto ITO, p-Si and Ni using a substrate temperature of 550 C˚, a precursor
temperature of 200 C˚, a deposition time of 180 min, an oxidation time of 60 min, an argon flow of 200 sccm and an
oxygen flow of 300 sccm.
All films were electrochemically characterized with the specified test protocol. The electrochemical
impedance spectroscopy measurements indicate a problem when ITO and Si are used as a substrate
in the CVD process. The electrolyte resistance of 0.1 M KOH was found to be around 29.7 Ohm
(Figure 7.2). But the impedance plots of Co3O4/ITO and Co3O4/p-Si show high resistances
in the frequency range between 20 kHz-20 Hz, which are not only representing the electrolyte
resistance. The additional resistances are due to a decreased conductivity of the substrates. While
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the ITO layer apparently partially decomposes in the course of the deposition, the conductivity
of Si decreases due to the substrates oxidation. In case of using a metal substrate like Ni, the
conductivity does not drastically decrease due to the formation of a NiO passivation layer, which
protects the substrate from further oxidation. Nevertheless, also in case of Ni resistances up to
76.1 Ω are obtained due to charge transfer limitations in the µm-thick crystalline films.
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Figure A.3. Nyquist plots of Co3O4 deposited on a) ITO, b) Si and c) Ni recorded in the frequency range 20 kHz to
20 Hz.
The experimental setup did not offer the possibility to operate in a plasma enhanced mode.
Nevertheless, the influence of plasma oxidation could be studied by carrying out a post-oxidation
in the provided sputter deposition system. For this purpose, thin cobalt oxide films were deposited
on Ti and Ni with a deposition time of only 10 min, a substrate temperature of 400 C˚, a precursor
temperature of 200 C˚ and an argon flow of 200 sccm. The subsequent plasma oxidation was
carried out for 15 min with a sputter gas of 70 % O2 and 30 % Ar. For comparison, the deposition
of CoOx on Ni and Ti was reproduced with the same deposition parameters and then thermally
oxidized for 10 min at 400 C˚ in an oxygen flow of 300 sccm. The SEM images in Figure A.4
compare the plasma oxidized CoOxfilms deposited on Ni and Ti. In contrast to the thick crystalline
Co3O4 films shown in Figure A.2, particles are obtained on the surface of the plasma oxidized
CoOx films.
Co3O4/Ni Co3O4/Ti Co3O4/Ni 
Figure A.4. SEM images of CVD prepared Co3O4 on Ni and Ti, which were subsequently plasma oxidized after the
deposition, and of thermally oxidized Co3O4/Ni.
Figure A.5 a compares the cyclic voltammograms of pl CoOx/Ni, th CoOx/Ni and Ni-foil recorded
in 0.1 M KOH and Figure A.5 b shows the cyclic voltammograms of pl CoOx/Ti, th CoOx/Ti
and Ti-foil. In both cases, the plasma oxidized samples pl CoOx/Ni and pl CoOx/Ti show a lower
onset potential and reduced overpotentials compared to the thermally oxidized films.
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Figure A.5. Cyclic voltammograms of pl CoOx/Ni (red), th CoOx/Ni (blue) and Ni-foil (black). b Cyclic voltammograms
of pl CoOx/Ti (red), th CoOx/Ti (blue) and Ti-foil (black). All cyclic voltammograms were recorded in 0.1 M KOH with
a scan rate of 10 mV/s.
Although the electrochemical activity seems slightly improved for the samples deposited on Ni, Ti
was used as a substrate for two reasons: First, titanium has the advantage that it is not OER
active itself. Therefore, the measured activity can be related to the catalyst. Second, Ni represents
a transition metal compound in the bimetallic catalysts CoMOxOx (M= Ni, Fe, Cu). Since it
is OER active, one can not relay the activity only to the catalyst. The use of Ni as a substrate
would make the determination of the layer thickness by XPS impossible.
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